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ABSTRACT 
SOIL HEALTH ASSESSMENT IN RECLAIMED MINE SOILS 
Katie Stutler 
West Virginia is one of the top coal-producing states in the nation, which has resulted in over 
500,000 acres of highly disturbed, anthropogenic mine soils caused by surface mining. Mine 
soils are often rocky and contain low organic matter content, low plant-available nutrients, and 
toxic metals, which could result in poor soil health and low productivity. Soil health has been 
defined as the continued capacity of soil to function as a living ecosystem that sustains plants, 
animals, and humans. It is assumed that with time since reclamation, mine soil properties and 
related functions may change, and soil health will improve due to the process of soil 
development. The objectives of this study were to evaluate and compare NRCS Soil Quality Test 
Kit measurements to standard laboratory and field methods; to assess and compare soil health 
related properties also called indicators, plant diversity and productivity in reclaimed mine soils 
of different ages; and to assess mine soil health related to time since reclamation. The hypotheses 
were that NRCS Quality Test Kit measurements would yield comparable results to standard 
methods; that time since reclamation would positively influence soil properties related to soil 
health as well as plant productivity; and that response to fertilization management would be an 
indicator of soil health. Four West Virginia reclaimed mine soils were selected for this study 
based on age: WV32 -32 years, WV16 -16 years, WV11 -11 years, and WV2 -2 years. Three 
experiments were designed to test the hypotheses: Experiment I compared NRCS and standard 
methods in assessing soil health indicators on reclaimed mine sites; Experiment II compared the 
soil health indicators between WV16, WV11, and WV2 sites using 50 soil sampling points per 
site; Experiment III compared the effect of management (fertilization) on different mine soil 
health indicators and biomass production. For Experiment I, soil bulk density (BD), wet 
aggregate stability (WA), slaking, pH, electrical conductivity (EC), soil respiration, and saturated 
hydraulic conductivity (saturated water infiltration, Ks) were measured using the NRCS Soil 
Quality Test Kit and standard laboratory procedures on all sites. The results indicated that 
measurements made with the NRCS Soil Quality Test Kit compared to those obtained with 
standard research laboratory methods, yielded statistically comparable results for saturated 
hydraulic conductivity (NRCS: 0.117 cm min-1; Standard: 0.114 cm min-1), for pH (NRCS: 6.4; 
Standard: 6.4), and for soil respiration (NRCS: 40.4 lb CO2-C ac-1 day-1; Standard: 50.6 lb CO2-
C ac-1 day-1). However, NRCS measured BD (NRCS: 1.30 Mg m-3; Standard: 1.46 Mg m-3), and 
NRCS measured EC (NRCS: 0.113 dS m-1; Standard: 0.227 dS m-1) showed similar trends to the 
standard methods, but tended to underestimate values. There was an effect of time since 
reclamation on the performance of NRCS Soil Quality Test kit as compared to standard methods. 
For Experiment II, soil health indicators (BD, aggregate stability, pH, EC, bioavailable nutrients) 
and vegetation surveys conducted using standard field and laboratory methods showed 
significant differences on surface soil (0-15 cm) health indicators. Wet aggregation and BD 
improved with time since reclamation, with higher water-stable aggregates and lower BD 
observed for WV16 (6.1 mm; 1.46 Mg m-3) and WV11 (5.8 mm; 1.47 Mg m-3) compared to 
WV2 (5.7 mm; 1.51 Mg m-3).  Soil pH was lower on WV11 (5.8), which related to lower SOM 
(42.2 mg kg-1) compared to WV2 (52.8 mg kg-1) and WV16 (55.1 mg kg-1). Vegetation varied 
between sites, with WV2 containing more forbs (36%), WV11 containing more grasses (50%), 
and WV16 containing less variation between legumes (31%), forbs (18%), and grasses (39%). 
Experiment III (with or without urea fertilization) was conducted using a completely randomized 
factorial block design (time of application x urea application rate x replications/blocks). Results 
indicated that urea application positively affected biomass production on the youngest (WV2) 
and oldest sites (WV16), with a continuous increase in biomass with each harvest (regrowth). 
Site WV16 had the highest amount of biomass accumulation (4.14 Mg ha-1) compared to WV2 
(2.86 Mg ha-1) and WV11 (2.54 Mg ha-1) by the end of the study in fall 2018, as expected with 
increased soil development with time since reclamation. In summary, this study increased our 
knowledge of suitable methods to be used in the assessment of soil health in mine soils by 
determining that the NRCS Soil Quality Test Kit methods can be suitable in mine soils with 
adjustments to some measurement processes. This study also increased our knowledge in the 
effect of time on disturbed soils, and the potential for productivity on these reclaimed areas. The 
results of this research will expand understanding on reclaimed mine soil health and will aid in 
determining best future land use post-mining. 
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CHAPTER 1. INTRODUCTION AND JUSTIFICATION 
West Virginia is one of the top coal-producing states in the nation, which has resulted in 
over 500,000 acres of highly disturbed, anthropogenic mine soils caused by surface mining. West 
Virginia was ranked the largest coal producer east of the Mississippi, and the second largest coal 
producer in the nation with 11% of the total U.S. coal production in 2016 (EIA, 2017). The 
state’s economy has historically revolved around coal mining dating back to the mid-1800s. Coal 
slowly began being used by blacksmiths and replaced charcoal as fuel for heat sources in the 
early 1800s, and eventually attracted more attention over time. In 1914, large-scale surface 
mining began and became a major method of mining in West Virginia (WVGES, 2017). Several 
mining methods are now used throughout the state, which include both underground and surface 
mining. In 2015, a recorded 231 surface mines were in operation in West Virginia, producing a 
total of 18.9 million tons of coal (WVMHST, 2015). 
Over the last 150 years, the coal industry has provided the state with employment 
opportunities, as well as large amounts of fossil fuels for the nation. Coal mining has declined 
with dwindling resources and an increased interest for cleaner fuel sources such as natural gas, 
however the mining over the past 100 years has impacted the state’s topography and natural 
ecosystems. As of 1977, the Surface Mining Control and Reclamation Act (SMCRA) was passed 
to help reduce environmental degradation caused by coal mining, specifically soil and water 
quality. SMCRA states that mine operators must designate a suitable and achievable land use 
that should provide ecosystem services and societal needs post-mining (Skousen and Zipper, 
2014). Some of these reclaimed areas are now nearly level to gently sloping and landowners are 
eager to use these areas for economic opportunities such as crop production and grazing. 
However, mine soils are believed to be low productivity soils that are often rocky, contain 
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low organic matter content, low plant-available nutrients and high heavy metal content which 
result in poor conditions of soil health and plant productivity. After reclamation, mine soils are 
highly disturbed with altered soil physical and chemical properties (e.g. bulk density, coarse 
fragment composition, pH, and nutrient status) that are not typically found in natural or 
agricultural soils. These altered soil properties can negatively impact the soil heath, or the ability 
to function and to sustain ecosystem productivity. 
Soil health is defined as the continued capacity of soil to function as a vital living ecosystem 
that sustains plants, animals, and humans (USDA-NRCS, 2017). Therefore, soil health can 
determine the sustainability of the natural environment and agricultural lands. Healthy soils 
exhibit physical, chemical and biological properties that maintain and sustain a given land use. 
Physical support, water movement, nutrient supply, and filtration of pollutants are amongst the 
vital functions of soil (Laishram et al. 2012). Understanding current soil health is important 
when determining land uses and best management practices for specific land uses, such as 
agriculture or forestry. Assessing soil health and understanding local conditions and needs are 
necessary when planning for prospective land uses. However, assessing soil health is a challenge 
because it cannot be measured directly, but is quantified through specified soil indicators such as 
bulk density, infiltration, pH, soil organic matter, etc. based on location and land use 
requirements (Riley, 2001). Soil health indicators are measurable soil attributes that influence the 
capacity of soil to perform vital functions, and the most sensitive indicators are the most desired 
(Arshad and Martin, 2002). Soils affected by anthropogenic activity, such as reclaimed mine 
lands, are especially difficult to assess due to unnatural soil composition and pattern. 
The Natural Resources Conservation Service (NRCS) under the United States Department 
of Agriculture (USDA) promotes soil health assessment using a landowner-friendly Soil Quality 
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Test Kit which includes equipment and a list of eleven soil indicators and observations 
applicable to agricultural soils (USDA-NRCS, 2001). These eleven indicators include soil 
respiration, infiltration, bulk density, electrical conductivity, pH, soil nitrate, aggregate stability, 
slaking, earthworm observation, soil physical observations (topsoil depth, root growth, 
penetration resistance and soil structure) and water quality tests (water electrical conductivity 
and nitrate/nitrite) to best assess and understand soil functions and processes, and their effects on 
soil health. 
The Soil Quality Test Kit was developed by John Doran and associates from the 
Agricultural Research Service (ARS) in Lincoln, Nebraska. Test kit development and 
enhancement was continued through the Soil Quality Institute. The purpose of the Soil Quality 
Test Kit and list of soil health indicators is to allow farmers and landowners to easily measure 
physical, chemical, and biological soil properties, and to make interpretations on the soil’s 
overall functions, processes, and health at their convenience (USDA, 1999). A Soil Quality Test 
Kit Guide was also developed to help with background information and interpretations for each 
soil indicator. The value of the NRCS Soil Quality Test Kit in assessing soil health in reclaimed 
mine soils, and how it would compare to standard scientific methods is unknown. 
The objectives of this research are to assess the physical, chemical, and biological soil 
health indicators of different aged reclaimed mine soils using the NRCS Soil Quality Test Kit 
and standard scientific methods, as well as vegetation, to evaluate soil health and more easily 
predict suitable future land uses. This study will help to better assess and understand the 
evolution of soil health in reclaimed mine soils of various ages and the correlation between Soil 
Quality Test Kits and standard scientifically based field and laboratory methods. The acquired 
knowledge could result in the estimation of the potential of reclaimed mine soils for uses such as 
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agriculture, grasslands, and forestry throughout West Virginia. With growing knowledge of soil 
development and health post-reclamation, an increase and successful adoption of land uses to 
mine soils could be achieved. 
CHAPTER 2. LITERATURE REVIEW 
Mine soils 
Mine soils can be defined as anthropogenic soils formed on previously mined areas that may 
contain altered properties such as high rock fragment content, low clay contents, and variable 
chemical properties (Hearing et al. 2004). Unlike natural, undisturbed soils, mine soils are 
heavily influenced by human activity and therefore are morphologically different than the 
surrounding native soils (Sencindiver and Ammons, 2000). Mining type and location will have a 
great effect on mine soil development due to mining methods and underlying parent material. 
In Appalachia, common surface coal mining techniques include contour stripping and 
mountaintop removal. Surface mining consists of stripping off the soil and parent material layers 
to access a coal seam. The material that is taken off, often referred to as overburden or minespoil, 
is set aside and is exposed to surface weathering conditions (Sencindiver and Ammons, 2000). 
This overburden is part of the material that will make up the mine soil, with the addition of 
topsoil. Once the coal seams are extracted, reclamation methods are then used to reshape and 
revegetate the landscape close to its original form. 
Mine soil reclamation 
Mine land reclamation is an activity that has been regulated since 1977, however, a detailed 
description of the threshold values for soil properties to be achieved after reclamation has never 
been described. The Surface Mining Control and Reclamation Act of 1977 (SMCRA) established 
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a federal-to-state oversight system (Skousen and Zipper, 2014). This system allows the federal 
government to assign enforcement of a federal law to state agencies. SMCRA requires all mining 
companies to apply for a mining permit indicating all site characteristics, mining methods, and 
reclamation strategies post-mining. 
Companies must make a statement of the condition of the land prior to mining which 
includes: (i) current uses of the land, (ii) capability of the land prior to mining (giving 
consideration to soil and foundation characteristics, topography, and vegetative cover), and (iii) 
productivity of the land prior to mining. A proposed land use following reclamation must be 
stated, along with utility and capacity of the land to support alternative uses (OSMRE, 2017). 
Post-mining land uses may include agriculture, hay land and pasture, forest, wildlife habitat, 
biofuel crops, and developed land uses (industrial, commercial, residential) (Skousen and Zipper, 
2014). Engineering techniques in mining and reclamation must also be stated including 
backfilling, soil stabilization, compacting, grading, and appropriate revegetation (OSMRE, 
2017). 
Once the mining process is complete, the reclamation process begins. The overburden that 
was previously set aside is then replaced and used to fill the landscape. Dozers and heavy 
machinery are then used for grading and replacement of topsoil to approximate original contour 
(AOC) (Skousen and Zipper, 2014). Topsoil substitute may be used if equally or more suitable 
than native topsoil. Successful establishment of vegetation is required for many post-mining land 
uses (Skousen and Zipper, 2014). Revegetation during reclamation typically consists of seeding 
with mixed grasses and legumes, which will then quickly establish a dense ground cover to 
reduce soil loss and erosion. Pioneer species, or the first species to colonize after an ecosystem 
disturbance, such as grasses, forbs (ragweed and goldenrod), vines, and shrubs (blackberry) will 
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also begin to establish (Groninger et al., 2007). However, the equipment used for backfilling and 
grading often cause compaction of the topsoil which can limit air and water movement, as well 
plant development. The plants that are seeded during reclamation have shallow rooting depths, 
and are not as affected by the compaction compared to woody plants and trees (Skousen and 
Zipper, 2014). 
Mine Soil Properties 
Filling the previously mined area with overburden, exposes un-weathered rock to 
weathering processes on the surface which will begin to break down physically and chemically. 
Weathering of the overburden affects the acidity or alkalinity of the soil, and other physical and 
chemical properties. Indorante et al. (1992) found that texture, color, and pH of mine soils are 
the result of the specific overburden type and rate of weathering. 
Common horizonations seen in mine soils include A-C or A-AC-C (Sencindiver and 
Ammons, 2000). Due to the soil’s pedogenically young age, E and B horizons have not had time 
to form. The A horizons that form are young and typically thin. The formation process of mine 
soils is accelerated by the addition of topsoil and vegetation, as well as natural succession over 
time (Mukhopadhyay et al., 2014). Vegetation establishment, root systems and organic matter 
assist in soil structure development and darkening of the soil’s color (Sencindiver and Ammons, 
2000). 
Physical Properties 
       Mine soils have been known to have high rock fragment content >2mm up to 70% due to the 
overburden and parent material being replaced after mining (Ciolkosz et al., 1985; Thurman and 
Sencindiver, 1986; Roberts, et al., 1988; Hearing et al., 2004).  Mukhopadhyay et al. (2016) 
found that reclaimed mine sites had >50% coarse fraction, which was a property not common in 
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the natural soils existing at the sites before mining started. The amount of sand was also higher 
on mine sites compared to reference sites, which agrees with Roberts et al. (1988) who found 
sand content to be between 49-71% depending on parent material. Ciolkosz et al. (1985) found 
that non-topsoiled mine soils in Pennsylvania ranging in age from 1 to 29 years since 
reclamation also had high rock fragment contents of 40 to 60% in the surface. Soils consisting of 
higher rock contents can have lower cation exchange capacity (CEC) and reduced water holding 
capacity (Sobek et al., 2000). 
Bulk density is the ratio of dry soil mass (g) to its total volume (cm3). Bulk density can be 
affected by texture and particle density, organic matter, arrangement of particles, and structure of 
the soil (USDA, 1999). Bulk density has been recorded to be higher in mine soils than in natural 
soils. Total bulk density (including rock fragments) and corrected bulk density (adjusted for rock 
fragments) have shown to be higher in these disturbed soils due to heavy mining machinery and 
compaction during reclamation. Bendfeldt et al. (2001) found total bulk density to be 1.51 Mg 
m3 in both control and amended mine soils in Virginia, whereas the corrected bulk density was 
significantly lower at 1.24 Mg m3 in the control, and 1.38 Mg m3 in the amended soil which was 
not a significant difference. Mine soils in Pennsylvania adjusted for loose rocks exhibited an 
average surface bulk density of 1.81 Mg m3 using the excavation method and 1.70 Mg m3 using 
a gamma probe according to Pedersen et al. (1980). 
Mine soils in West Virginia have been recorded to have high bulk density (Thurman and 
Sencindiver, 1986; Thomas, et al., 2000; Chaudhuri et al., 2010). Two surface mine soils in 
Monongalia Co., WV were recorded to have bulk density values of 1.55-1.86 Mg m-3 (Thurman 
and Sencindiver, 1986) . Bulk density was also found to be significantly higher on mine sites 
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(1.62 Mg m3) compared to agricultural soils (<1.5 Mg m3), indicating compaction from 
reclamation methods (Mukhopadhyay et al., 2016). The compaction of mine soil limits 
movement of water and air, and can reduce plant development and growth. 
Aggregate stability is the measure of the integrity of a soil aggregate under outside forces 
(Hillel, 1982). Thomas et al. (2000) sampled four different aged mine soils in West Virginia and 
found that water-stable aggregation increased with age in mine soils, but had less water-stable 
aggregates than native soils. Wick et al. (2009) recorded similar findings in a chronosequence of 
reclaimed mine soils in Wyoming. Macroaggregate and microaggregates within macroaggregates 
increased with time since reclamation, whereas microaggregates decreased. Bendfeldt et al. 
(2001) found that control mine soils and mine soils amended with native topsoil and lime had 
57% and 52% aggregate stability, respectively, which did not show significant differences. 
Due to coarse fragments, textural differences and lack of organic matter, mine soils have 
lower water-holding capacity compared to natural soils (Pedersen et al., 1980). Thurman and 
Sencindiver (1986) recorded low porosity of 26-38% in mine soils, which results in limited water 
movement throughout the soil profile. These sites also had low water retention capacity of 0.07- 
0.12 kg kg-1, and moderately low estimated hydraulic conductivity at 0.1-1 µm s-1. Roberts et 
al. (1988) also found greatly reduced water availability in mine soils due to high coarse fragment 
content with water retention values between .02 and .04 kg kg-1, compared to soils consisting of 
only <2 mm fraction with values of .09 and 0.13 kg kg-1. Pedersen et al. (1980) recorded values 
of water content in Pennsylvania mine soils between 3.66-6.83%, and an average initial saturated 
hydraulic conductivity of 640 mm hr-1 and final saturated hydraulic conductivity after 4 months 
of 298 mm hr-1. Saturated hydraulic conductivity had large variability in these soils between the 
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ten sites, which was contributed to the washing out of fine materials and erosion. Infiltration was 
also shown to be lower in mine soils (3.3 - 28 mm hr-1) compared to natural soils (53 - 421 mm 
hr-1). Bendfeldt et al. (2001) recorded values of total porosity in control and amended mine soils 
of 53% and 46%, respectively. 
Chemical Properties 
Extractable P in mine soil surfaces was found to be between 64 -78 mg kg-1, and 30 – 52 
mg kg-1 two years later. Values of extractable Fe in the same sites were found to be between 
1,700-3,500 mg kg-1 , and 5,500 – 9,100 mg kg-1. Values of Ca, Mg, K, and Al were found to 
be 1.8-2.3 cmolc kg-1, 1.3-2.5 cmolc kg-1, 0.3-0.6 cmolc kg-1, and 0-0.7 cmolc kg-1, respectively 
(Roberts et al., 1988). Bendfeldt et al. (2001) found that extractable P decreased in control mine 
soils without amendments from 55 mg kg-1 to 32 mg kg-1 after 16 years, whereas mine soils 
amended with native topsoil and lime showed a nonsignificant decrease in extractable P from 40 
mg kg-1 to 32 mg kg-1. Within the same control site and 16 year period, K decreased from 0.20 
cmolc kg-1 to 0.10 cmolc kg-1, Mg decreased from 3.44 cmolc kg-1 to 1.4 cmolc kg-1, and Ca 
decreased from 3.3 cmolc kg-1 to 1.4 cmolc kg-1. Similar findings were recorded for the mine site 
amended with native topsoil and lime. 
Soil pH is the measure of acidity or alkalinity in a soil on a scale from 0-14, which is the 
measurement of hydrogen ion activity [H+] in a 1:1 soil water solution. Soil pH is dependent on 
the parent material and texture of the soil, and affects bioavailable nutrients and microorganism 
activity in the soil (USDA, 1999). The soil pH in mine soils is highly variable depending on the 
overburden parent materials, reclamation method, and topsoil or topsoil substitute, used. Mine 
soils in Virginia that had formed in partially oxidized sandstone overburden have been recorded 
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to have a surface pH of 5.5, and 7.5 in unoxidized sandstone and siltstone overburden (Roberts et 
al., 1988; Hearing et al., 1993). Thomas et al. (2000) sampled four different aged mine soils in 
West Virginia and found that pH was between 5 and 6, Hearing et al. (2004) also found similar 
pH values in mine soils in Virginia of 5.6 and 6.6. However, Ciolkosz et al. (1985) found that 
non-topsoiled mine soils in Pennsylvania ranging in age from 1 to 29 years since reclamation had 
low pH of at least one horizon < 4.0. Thurman and Sencindiver (1986) also recorded strongly 
acid soils in West Virginia surface mines of 4.1-5.1. 
Electrical conductivity (EC) is the ability of a media to transmit an electrical current (Grisso 
et al., 2009), which is commonly presented as a measurement of salts in a 1:1 soil water solution 
in decisiemens per meter (dS/m) at 25°C. Electrical conductivity impacts soil water and soil 
chemical processes. Roberts et al. (1988) found soil EC to increase with carbonate content 
comparing sandstone and siltstone parent materials. Mine soils with sandstone material had a 
recorded EC of 0.13-0.14 dS m-1, and soils dominated by siltstone had EC values of 0.27-0.31 
dS m-1. Wick et al. (2009) found EC values in reclaimed strip mine soils in Wyoming aged <1 
year, 14 years, 26 years of 0.5, 0.4, and 0.4 dS m-1, respectively. Mine soils in Ohio were found 
to have similar EC values ranging from 0.05 dS m-1 to 0.33 dS m-1 (Shrestha and Lal, 2011). 
Biological Properties 
Soil organic matter (SOM) is the fraction of organic material in a soil that includes plant and 
animal residues, cells and tissues of soil organisms, and products synthesized by soil organisms 
(Brady and Weil, 2004). Soil organic matter was measured on mine soils in Pennsylvania by 
Pedersen et al. (1980), and found to be between 0.16-0.90 %. Bendfeldt et al. (2001) measured 
SOM during a 16 year study on amended mine soils with a control mine soil increasing from 
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2,000 kg ha-1 to 9,000 kg ha-1, and a mine soil amended with native top soil and lime increasing 
from 2,000 kg ha-1 to 12,000 kg ha-1 over the 16 year time period. 
Soil respiration is a measure of biological activity through the release of carbon dioxide 
(CO2). Gildon and Rimmer (1993) recorded mine soil respiration at an average of 2.8 cm3 kg-1 
hr-1. Visser et al. (1983) compared undisturbed soil and disturbed soil respiration and found that 
the undisturbed soil showed respiration values of 4.3 cm3 kg-1 hr-1, whereas the disturbed soil 
respiration was significantly lower with a value of 1.6 cm3 kg-1 hr-1. A study comparing 
amended and unamended mine soils (Stroo and Jencks, 1982) found that the amended mine soils 
had soil respiration of 6.4 cm3 kg-1 hr-1 compared to the unamended mine soil of 0.9 cm3 kg-1 
hr-1. 
Land-use and management can alter the natural soil composition and pattern through 
erosion, change in soil water functions, and loss of organic matter, and therefore land-use and 
management can be the drivers of soil health (Kibblewhite et al. 2008) In this study, the process 
of mining and reclamation of mine soils affects the overall soil health by exposing unweathered 
bedrock which will affect the texture, pH, and chemical processes and in turn biological 
properties. The regrading of topsoil or soil substitute could result in high bulk densities, low 
porosity, poor structure, and limited air and water movement, all affecting plant health and 
successful establishment. 
Soil Health 
The importance of and interest in soil assessment has existed for centuries, primarily as a 
tool to determine the soil’s ability for crop production (Bunemann et al. 2018). The term soil 
quality was first mentioned in literature by Mausel, (1971; cited in Bunemann et al. 2018) who 
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defined soil quality as “the ability of soils to yield corn, soybeans and wheat under conditions of 
high-level management.” Most definitions of soil quality focus on agricultural production, 
however Doran and Parkin (1994) wanted to stress environmental and ecosystem health issues 
regarding soil quality, and therefore defined it as “the capacity of a soil to function within 
ecosystem boundaries to sustain biological productivity, maintain environmental quality, and 
promote plant and animal health,” animal health including human health. Doran and Safely 
(1997) later went on to define soil health as “the continued capacity of soil to function as a vital 
living system, within ecosystem and land-use boundaries, to sustain biological productivity, 
promote the quality of air and water environments, and maintain plant, animal, and human 
health.” Soil health is now used to emphasize that soil is a living system. 
The concept of soil health views soil as a finite and dynamic living resource, and its 
capacity to support agricultural services and necessary ecosystem services (Doran and Zeiss, 
2000; Kibblewhite et al. 2008). Agricultural services include the production of food and fiber, 
and ecosystem services include water quality and supply, erosion control, atmospheric 
composition and climate regulation, pollutant attenuation and degradation, pest and disease 
control, and biodiversity conservation. These ecosystem services are dependent on four main 
functions that include carbon (C) transformations, nutrient cycling, soil structure maintenance, 
and biological population regulation (Kibblewhite et al. 2008). The health of soil determines its 
ability to provide nutritional and physical support for biological production and waste recycling, 
and to act as a filter for air and water quality (Harris et al. 1996). According to the Soil Health 
Institute (2019), “improving soil health boosts crop yield, enhances water quality, increases 
drought resilience, reduces greenhouses gas emissions, increases carbon sequestration, provides 
pollinator habitat, and builds disease suppression. The term soil health is used to describe the 
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condition or quality of the soil as a resource based on a set of independent soil indicators 
including physical, chemical, and biological soil properties (Kibblewhite et al. 2007). 
Soil Health Indicators 
Soil health assessment does not depend on a single soil property/indicator, or a universal list 
of indicators, but is unique to location and sophistication of measurements made (Riley, 2001). 
Management goals for a given land should be identified before soil health measurement methods 
are chosen (Laishram et al., 2012). Physical, chemical, and biological indicators chosen to 
evaluate soil health should be selected based on ease of assessment, accessibility, representation 
of the soil, and type of data needed for assessment (qualitative/quantitative) (Kibblewhite et al. 
2007). Some characteristics of the soil health indicators are to exhibit a good correlation with 
beneficial soil functions, to be relatively cheap and easy to measure (Parisi et al., 2005), and to 
be sensitive to management and climate. However, the indicators for long-term quality changes, 
should not be confused with short-term changes caused by seasonal weather patterns (Doran and 
Parkin, 1994). Physical soil health indicators include bulk density, aggregation, infiltration and 
water movement, and soil available water. Chemical indicators include pH, electrical 
conductivity, soil nitrate and other mineral nutrients. Biological indicators include respiration, 
organic matter, soil microorganims, etc. (Doran and Parkin, 1996). 
A minimum data set (MDS) was proposed by Larson and Pierce (1991) that included basic 
soil quality indicators and standard methodologies to assess soil quality. The indicators included 
nutrient availability, total organic C, labile organic C, particle size, plant-available water 
capacity, soil structure, soil strength, maximum rooting depth, pH, and electrical conductivity 
(EC). Doran and Parkin (1994) also proposed a list of basic physical, chemical, and biological 
characteristics that included texture, soil bulk density, infiltration, and respiration. 
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Bunemann et al. (2018) summarized and evaluated forty-five datasets from sixty-two 
publications and identified the most frequently used soil quality indicators. Total organic 
matter/carbon and pH were the most proposed indicators, followed by available phosphorous, 
water storage, and bulk density, and texture, available potassium and total nitrogen. It was also 
found that biological indicators, such as respiration, were left out of 40% of the reviewed 
datasets. Mentioning of climate, management, specific site characteristics, plant yield and 
nutrient status were rarely or often not included in the datasets. 
Kibblewhite et al. (2008) describes soil as a “multicomponent and multifunctional system 
with definable operating limits.” Therefore, critical limits or threshold values of soil health 
indicators must also be established to monitor changes in soil health (Arshad and Martin, 2002). 
To maintain normal or productive soil functions, the indicators should be within specific 
threshold values. Minimum and maximum limits for each soil indicator and its role in vital 
functions should be understood in order to prevent degradation and support soil improvement 
and guide management. 
Physical Indicators        
Soil texture is one of the most influential physical soil properties, and is comprised of sand, 
silt, and clay particles. Texture is divided into twelve textural classes, which describe the 
percentages of sand, silt, and clay (Brady and Weil, 2004). The distribution of these particles 
play an important role in the soil’s structure, bulk density, water and air movement, pH, EC, and 
nutrient availability. 
Aggregation affects soil structure, pore space, air and water movement, and erosion. 
Biological activity within the soil, such as microorganisms producing extracellular compounds 
that act as adhesives, can increase aggregation and therefore increase the soil structure and 
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stability (Kibblewhite et al. 2008). Slaking is the process of soil aggregates disintegrating when 
exposed to rapid water uptake (Chan and Mullins, 1994). Unstable aggregates will break apart, 
lose structure, and could result in the formation of soil crusts which limit water and air 
movement through the soil and plant growth (USDA, 1999). 
Doran and Parkin (1994) stated that “the inclusion of bulk density in a set of basic indicators 
is critical to proper interpretation of the importance of change in magnitude in other chemical 
and biochemical soil components.” Bulk density varies with management, depth of sampling, 
and time of year (Doran and Parkin, 1994). Soils with high bulk densities can limit air and water 
movement, and result in restricted root growth (USDA, 1999). Ideal bulk densities for root 
growth vary with soil texture, ranging from < 1.6 g/cm3 for sands, loamy sands to < 1.10 g/cm3 
for clay soils with >45% clay. Restricting bulk densities for sands, loamy sands are > 1.80 g/cm3 
and >1.47 g/cm3 for clays. Abu-hamdeh (2003) found that crop yields were affected by wheel 
traffic. Yields were reduced by 26.8% and 14.5% in 2000 and 2001. Two years after compaction, 
bulk density was 1.6 to 6.1% greater than no compaction. Plants in the compacted plots also had 
greater root density near the base of the plant, and lower plant height. 
Infiltration rate is the rate at which water enters the soil and is dependent on soil texture and 
aggregation (structure and pore space), macropores caused by soil organisms, and soil organic 
matter. Infiltration rate is important when determining water movement throughout a soil and 
water holding capacity (USDA, 1999). High compaction of soils results in an increase of bulk 
density, decrease of porosity, and can limit infiltration rates (Gregory et al., 2006). Steady 
infiltration rates vary with soil texture: sands: > 0.8 inches per hour, sandy and silty soils: 0.4 – 
0.8 in hr-1, loams: 0.2 – 0.4 in hr-1, clayey soils: 0.04-0.2 in hr-1, and sodic clayey soils: < 0.04 in 
hr-1 (Hillel, 1982). Infiltration rates can also be associated with infiltration classes ranging from 
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very rapid at > 20 in/hr to very slow at 0.0015 to 0.06 in hr-1, and impermeable at < 0.0015 in hr-1 
(USDA, 1999). 
Chemical Indicators 
Soil pH is important when determining soil fertility and productivity. Suitable pH levels 
generally fall between 6.0 and 7.5 for general crop production, however ideal pH ranges are crop 
specific (Whittaker et al., 1959). Soil pH levels that are not within range for a specific plant or 
crop, can lead to a decrease in available nutrients, microbial activity, plant biomass, and overall 
soil health (USDA-NRCS). A soil pH of 6.5 is considered optimum for nutrient availability, 
while a lower pH increases the solubility of potentially toxic nutrients (Al, Mn, and Fe) and 
decreases the availability of macronutrients and secondary nutrients (N, P, K, S, Ca, Mg). 
Whereas high pH decreases the availability of micronutrients (B, Cu, Fe, Cl, Mn, Mo, and 
Zn) (Cornell University, 2010). Soil pH can also impact microbial communities and activities, 
such as C and N cycling. Curtin et al. (1998) found that an increase in pH of slightly acid soils 
resulted in the stimulation and increase of C and N mineralization by 37-67%. 
Soil EC also affects soil fertility along with crop yields and quality, nutrient availability and 
microorganism activity. EC values that range from 0 and 0.8 dS/m are considered acceptable for 
general crop production, however ideal EC values are plant and site specific. Salinity classes for 
EC values range from non-saline at 0 – 0.98 dS/ m to strongly saline at > 6.07 dS/m (Soil Survey 
Staff, 1993; Janzen, 1993; Smith and Doran, 1993). Salts are naturally found in soils due to its 
mineralogy or diminished weathered mineral bound salt leaching. Increase salt concentrations at 
the soil surface (>4.0 dS/m in saturation extract) will affect the biological water availability in a 
soil and can result in limited plant growth on sensitive species (USDA, 1999). 
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Biological Indicators 
Soil respiration, or release of carbon dioxide (CO2) from the activity of roots, micro- and 
macro-organisms in the soil, is a direct reflection of biological activity in the soil and is a 
positive attribute for soil health (USDA, 1999). Respiration reflects the degradation of plant 
residues, root exudates, soil organic matter (SOM), soil organic carbon (SOC), and micro- and 
macro-organisms, which indicate loss of SOC, nutrient cycling, and response to management 
(Parkin et al., 1996). Higher soil respiration measurements indicate more biological activity and 
SOM present, which reflects the capacity to supply and sustain biological productivity. However, 
respiration measurements are affected by soil temperature and moisture. Low measurements of 
respiration may indicate reduced aerobic microbial activity in the soil, low organic matter, 
limiting temperature and moisture, or anaerobic conditions. Low soil respiration may result in a 
decrease in plant available nutrients, resulting in poor plant growth, and anaerobic conditions can 
lead to denitrification and sulfur volatilization (SQEH, 2011). 
Microorganisms decompose organic matter, promote soil structure, fix nitrogen, consume 
greenhouse gases, and help to recycle and supply beneficial nutrients to plants (SARE, 2012; 
Parkin et al., 1996). Macro-organisms, including arthropods and earthworms, also aid in organic 
matter breakdown and movement, and contribute to soil structure, water and air movement, and 
nutrient cycling (Moldenke, 2001; Edwards, 2001). A range of 16.8-33.6 lbs CO2-C/acre/day 
reflects ideal soil biological activity with adequate organic matter (Woods End Research, 1997). 
The breakdown of plant litter by the micro- and macro-organisms contribute to the amount of 
organic matter present in the soil which aids in other soil functions. 
Lehman et al. (2015) states that SOM, is one of the “single most important soil quality 
indicators for nearly all soils throughout the world.” The amount of SOM darkens soil color, 
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provides food and nutrients for soil biology, and positively influences aggregation and 
granulation, which in turns increases water holding capacity and infiltration rate. Soil organic 
matter also has a positive effect on soil chemical properties such as cation exchange and soil pH 
buffering capacity. According to Cornell University Cooperative Extension (2008), most 
productive agricultural soils have SOM of 3 to 6%. 
Vegetation as a Soil Health Indicator 
Another possible soil health indicator that has been discussed by the Soil Health Institute is 
vegetation diversity and/or biomass production (Personal communication Dr. Eugenia M. Pena-
Yewtukhiw, March 2019). Measurement and classification of vegetation could serve as an 
alternate indicator of soil health, which could reduce time and cost of sampling other biological 
soil indicators (Laishram et al., 2012). Hilgard (1914) used natural vegetation growing on the 
land as an indicator of soil productivity and value, however thorough physical and chemical 
evaluations were needed to make conclusions. 
A study by Gillison et al. (2003) comparing vegetation and soil macroinvertebrates found 
positive correlations between termite species richness and canopy height, plant basal area, and 
plant richness. Tree biomass and canopy cover have also been significantly correlated to soil 
quality index values (Mukhopadhyay et al., 2016). Zak et al. (2003) found that an increase in 
plant diversity and biomass increased and modified microbial communities. Plant diversity also 
enhanced microbial processes such as nutrient cycling. Soil carbon storage has been found to 
increase with plant and microbial diversity (Lange et al., 2015). 
Pohl et al. (2009) found that aggregate stability showed a slight positive correlation with the 
number of plant species (R2 = 0.36) and root density (R2 = 0.23) in a study of plant diversity and 
cover on soil stability. In a study looking at changes in soil aggregation and prairie restoration, 
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Jastrow (1987) found that the percentage of water-stable macroaggregates (>0.2mm) increased 
with time since cultivation, and had the least water-stable aggregates in continuous corn 
compared to prairie. Percentage of macroaggregates and biomass of roots and rhizomes was 
strongly correlated with an R2 = 0.82. Total live aboveground biomass decreased between the 
second and fifth growing season, and increased after the fifth growing season with time since 
cultivation. An increase in plant diversity, biomass, and root systems could be an indicator of 
increased soil stability, microbial communities and nutrient cycling, and adequate water and air 
movement in a soil. Measuring and compiling the values of these soil health indicators can give a 
general overview of soil health and its functions. 
A study in mine soils by Roberts et al. (1988) compared biomass production of tall fescue 
and parent material of sandstone and siltstone over a 3 year period. Overall biomass production 
was found to be higher in the sandstone parent material, and decreased in siltstone materials. In 
the second year, biomass was highest in a sandstone to siltstone ratio of 2:1 at 9.30 Mg ha-1. 
Biomass was found to be 6.5 and 6.4 Mg ha-1 in pure sandstone and 1:2 sandstone to 
siltstone, respectively. 
Assessing Soil Health: Methods 
Determining how healthy soils has been a difficult task due to the low amount of globally 
accepted soil health measurements and methods. However, the Soil Health Institute (2019) has 
established, and continues to work on, a recommended list (Table 1) of soil health indicators that 
landowners, farmers, and scientists can use around the world. This list, referred to as “Tier 1” 
measures, includes nineteen indicators such as organic carbon, pH, water-stable aggregation, 
crop yield, texture, EC, nutrient availability, bulk density, and infiltration rate. Tier 1 measures 
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have known threshold values and are defined regionally to improve management strategies for 
increased soil function. Other possible soil health indicators, such as biological indicators, are 
defined as Tier 2 or Tier 3. These measurements need more research in their interpretation, 
threshold values, and management recommendations to be included in the Tier 1 measurements. 
The methods adopted by the Soil Health Institute to measure Tier 1 indicators are in the table 
below. 
Soil health evaluation frameworks are also being assessed. The Soil Health Management 
Assessment Framework (Andrews et al., 2010) proposes a framework that assesses impacts of 
soil management on soil functions in various climates, soil types, and management systems. The 
framework is divided into three steps that include indicator selection, indicator interpretation, 
and integration into an index. The Cornell Comprehensive Assessment of Soil Health (CASH) 
(Moebius-Clune et al., 2016) uses the integration of soil health measurements as its core focus. 
This framework selects a set of indicators and compiles them into a user-friendly report with 










Table 1. Tier 1 Soil Health Indicators and Methods to be Assessed (updated 10/8/2018) 
 
Indicator Method Reference 
Soil pH 1:2 soil:water, standard pH electrode system Thomas, 1996 
Soil Electrical 
Conductivity (EC) 




Cation Exchange Capacity 
(CEC) 
Sum of Cations: 
For soil pH > 7.2: use ammonium acetate extractant; 
For soil pH < 7.2: use Mehlich 3 extractant 
 
Knudsen, et al., 1982; Sikora 
and Moore, 2014 
 
% Base Saturation (BS) 
Calculation: 
For soil pH > 7.2: use ammonium acetate extractant; 
For soil pH < 7.2: use Mehlich 3 extractant 
 
Knudsen, et al., 1982; Sikora 
and Moore, 2014 
 
Extractable P 
For soil pH >7.2: use sodium bicarbonate extractant; 
For soil pH < 7.2: use Mehlich 3 extractant 
Olsen and Sommers, 1982; 
Sikora and Moore, 2014 
 
Extractable K, Ca, Mg, Na 
For soil pH > 7.2: use ammonium acetate extractant; 
For soil pH < 7.2: use Mehlich 3 extractant 
Knudsen, et al., 1982; Sikora 
and Moore, 2014 
 
Extractable Fe, Zn, Cu, 
Mn 
For soil pH > 7.2: use DTPA extractant derivatives; 
For soil pH < 7.2: use Mehlich 3 extractant 
Sikora and Moore, 2014; 
Lindsay and Norvell, 1978 
Total Nitrogen Dry combustion Nelson and Sommers, 1996 
 
Soil Organic Carbon 
(SOC) 
Dry combustion, corrected for Inorganic C, if present, 
using pressure- calcimeter 
Nelson and Sommers, 1996; 
Sherrod, et al., 2002 
 
Soil Texture 
Pipette Method with a minimum of 3 size classes. 
Weight/volume measurements 
 
Gee and Bauder, 1986 
Aggregate Stability Wet sieve procedure. Weight measurement Kemper and Roseneau, 1986 
Available Water Holding 
Capacity 
Ceramic plate method measured at -33 kPa (-10 kPa 




Bulk Density (BD) 
Core method: diameter to be determined, (most likely 
2-inch or 5.08 cm) 
 
Blake and Hartge, 1986 
Erosion Rating USDA model(s) (RUSLE2, WEPP, WEPS) 
appropriate for site 




Commercial soil penetrometer Lowery and Morrison, 2002 
Saturated  Hydraulic 
Conductivity 
 
SATURO dual head infiltrometer 
 
Reynolds, et al., 2012 
 
Crop Yield 
Obtained from historical and current plot yield data 




4-day incubation followed by CO2-C evolution and 






Short-term anaerobic incubation with ammonium and 
nitrate measured colorimetrically pre- and post-
incubation 
 




Study Experiments’ Objectives and Hypotheses 
Experiment I: Soil health indicator characterization using the NRCS Soil Quality Test Kit 
and standard research laboratory measurements. 
Objectives: 
i. Evaluate the effectiveness of the NRCS Soil Quality Test Kit to standard field and
 laboratory methods in assessing soil health in reclaimed mine sites. 
ii. Assess and compare soil health indicators between reclaimed mine sites using the
 NRCS Soil Quality Test Kit. 
Hypotheses: 
i. The results of the NRCS Soil Quality Test Kit methods will be representative of
 those measured with standard field and laboratory methods. 
ii. Soil health indicator measurements made with the NRCS Soil Quality Test Kit will
 be sensitive enough to detect differences in soil health due to time since
 reclamation. 
As mine soils begin to develop after reclamation activities finish, soil health indicators will 
change and improve with time. Improvement will be considered by a decrease in bulk density 
and electrical conductivity, and an increase in dry aggregation, wet aggregation, infiltration, pH, 
nitrate, and respiration. The NRCS Soil Quality Test Kit will be able to detect these changes with 
time since reclamation.  
Experiment II: Soil health analysis based on plant indicators. 
Objective: 




i. Soil health indicators will improve with time since reclamation due to natural  soil   
processes and development over time.  
ii. Plant diversity will increase with time since reclamation as a result of improved soil 
health indicators. 
Experiment III: Soil health response to fertilization management practices. 
Objective: 
i. Determine biomass changes with management (urea fertilization) on three different 
mine sites through soil health indicators and vegetation measurements. 
Hypothesis: 
i. Soil health indicators and aboveground biomass and diversity/speciation will be an 
indicator of soil health and show different responses between the younger and older 












CHAPTER 3. MATERIALS AND METHODS 
Site Description 
Four reclaimed mine sites varying in age located in Monongalia County, WV were 
selected to evaluate soil health based on time since reclamation. Monongalia Co. is located 
in the Appalachian Highlands physiographic division (Fig. 1). Elevation ranges from 293m 
to 640m. The mean annual temperature is 11° C, with average annual rainfall of 104.6 cm, 
and average annual snowfall ranging from 76.2-114.3 cm depending on elevation (Childs, 
2015). West Virginia had record breaking rainfall in 2018. Rainfall in Morgantown, WV for 
2018 (Table 2) was 31.4 cm above average and 18.7 cm above 2017. 
Table 2. Average annual rainfall in Morgantown, WV for 2017 and 2018 (data taken from U.S. 
Climate Data, 2019).  
 2017 2018 
 cm 
Jan. 8.8 7.0 
Feb. 3.8 17.0 
Mar. 10.5 7.7 
Apr. 17.3 16.7 
May 11.6 15.0 
June 11.6 13.0 
July 22.6 9.1 
Aug. 3.3 12.6 
Sept. 2.3 18.6 
Oct. 10.1 4.7 
Nov. 8.1 7.9 
Dec. 7.3 6.7 
Total 117.3 136.0 
The four sites vary in age from 2 to 32 years since reclamation. All mine sites were 
owned, mined and reclaimed by Patriot Mining Company. Schafer mine site (Fig. 2), 
referred to as WV2, located at 39° 39’ 3.9” N, 80° 03’ 24” W was reclaimed in 2015 and 
was 2 years old at the beginning of this research in 2017. Site WV2 was approximately 0.73 
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ha (1.8 ac) and described prior to mining as a Westmoreland silt loam according to Web 
Soil Survey (2018). New Hill mine site 11 (Fig. 3), referred to a WV11, located at 39° 40’ 
23” N, 80° 03’ 16.9” W was reclaimed in 2006 and was 11 years old. Site WV11 was 
approximately 0.53 ha (1.3 ac) and described prior to mining as Dormont and Guernsey silt 
loams, Fairpoint silt loam, and Itmann very channery loam. Metz mine site 16 (Fig. 4), 
referred to as WV16, located at 39° 38’ 50” N, 80° 01’ 30” W was reclaimed in 2001 and 
was 16 years old. Site WV16 was approximately 1.17 ha (2.9 ac) and described prior to 
mining as Bethesda loam. Mylan mine site 32 (Fig. 5), referred to as WV32, located at 39° 
38’ 26” N, 80° 01’ 60” W was reclaimed in 1985, and was 32 years old. Site WV32 was 
approximately 0.93 ha (2.3 ac) and was also described prior to mining as Bethesda loam. 
These sites were all mined for Waynesburg coal using contour mining. Overburden 
material consisted of 70-80% sandstone, with the remaining percentage being shale. The 
reclamation methods were within the guidelines of SMCRA, and included backfilling, an 
addition of 15 to 20 cm of native topsoil, and grading to original contour. The sites were 
then seeded to mixed grass-legume pastures which predominately included orchardgrass 
(Dactylis glomerata), timothy (Phleum pretense L.), tall fescue (Festuca arundinacea), red 
























Experiment I:  
Seven soil health indicators were measured using the NRCS Soil Quality Test Kit at all four 
sites (WV2, WV11, WV16, WV32) between May and September of 2018.  After placing fifty 
(50) geographically positioned (GPS) soil sampling points in each site using a sub-meter GPS 
unit, ten (10) sample points were selected to be evaluated by the NRCS Soil Quality Test Kit. At 






protocol (2001), soil was collected from the upper 7.5 cm and used to measure the following soil 
health indicators: bulk density (BD), water infiltration (INFIL), aggregate stability (wet 
aggregation (WA), slaking (SL)), pH, electrical conductivity (EC), and soil respiration (RESP. 
Field measured indicators included infiltration and respiration using a single metal ring. Bulk 
density samples were collected in an intact core with a known volume to a depth of 7.5 cm, and 
were brought back to the lab to be air-dried. The same core was used to measure aggregate 
stability, pH, and EC between May and December 2018. 
Following agricultural soil sampling protocols (sampling depth 0-15 cm), the same soil 
health indicators were measured using standard research laboratory methods (described in 
Experiment II). The results from both methods were compared to evaluate, and validate the 
performance of the NRCS Soil Quality Test Kit. 
In addition, one soil pit per site was excavated for pedologic soil profile descriptions at each 
mine site (Appendix A, Fig. A1 - Fig. A4). 
Experiment II: 
To perform this experiment, soil samples were collected on three of the four selected 
reclaimed mine sites, WV2, WV11 and WV16. A total of fifty (50) GPS points mentioned in 
Experiment I were marked in the field between May-September of 2017 and 2018. At each point, 
bulk samples were taken to a depth of 15 cm (details provided in the standard method section). 
From these intact samples, BD, dry aggregation (DA), and WA were measured. 
Samples were then oven-dried, crushed and sieved to < 2mm to analyze texture, pH, 
bioavailable nutrients, and soil organic matter (SOM). 
Mine site WV32 was excluded due to high slope (minimum average of 25%) which would 
rate the site as non-agricultural, and exclude from further soil health analysis for agricultural use. 
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Experiment III: 
The experimental design was a completely randomized block (repetitions) design with three 
factors. The factors used were time since reclamation, fertilizer treatment (urea application rates) 
and three blocks. Three (3) levels of time since reclamation 2 yr (WV2), 11 yr (WV11) and 16 yr 
(WV16), with two (2) levels of fertilizer management with and without 46.04 kg N ha-1 (50lb N) 
application were organized in three blocks (three measurements within each block and 
treatment). Three 6 m x 12 m blocks were placed on each site. Two 6 m x 6 m plots within each 
block were used for control (no urea application) and fertilizer treatment. To avoid a border 
effect, the three sample replications were located within the central 25 m2 of each plot. 
Therefore, three replication soil samples were collected from the control and treatment plots of 
each block, with a total of 6 samples per block and 18 samples per site. 
Initial soil sampling, to be used as a baseline, was completed prior to urea application at 
each site. Urea (46% N) was applied at a rate of 46.04 kg N ha-1 once in late June of 2017 and 
2018. The selection of the N application rate was based on two experimental requirements: a) is 
the most commonly applied N rate producing yield response on most crops (Dr. J. Grove, 
personal communication); and b) rate should not to produce changes in soil chemical properties 
such as pH to avoid confounded effects when vegetation response (biomass and diversity) (Kidd 
et al., 2017). 
Soil samples were collected in June 2017 and 2018 before the first and second urea 
application respectively. Samples were collected from the three points (three measurements) 
within each block and treatment for each site: WV2, WV11, and WV16. Bulk samples were 
taken to a depth of 15 cm, with a 15 cm width. From these bulk samples, BD, DA, and WA were 
measured after being air dried. Samples were then oven-dried, crushed and sieved to <2mm to 
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analyze texture, pH, bioavailable nutrients, and SOM. 
 
 
Figure 2. Satellite image of reclaimed WV2 mine site with Experiment III block locations. Red 
indicates plots fertilized with urea application. Yellow indicates control plots. 
 
Figure 3. Satellite image of WV11 reclaimed mine site with Experiment III block locations. Red 



























Figure 4. Satellite image of WV16 reclaimed mine site with Experiment III block locations. Red 
indicates plots fertilized with urea application. Yellow indicates control plots. 
 
 






Standard Research Methods 
The standard methods were used in Experiments I, II, and III to measure the physical, 
chemical and biological soil health indicators described in the next section. 
Physical Properties 
Bulk Density: 
Bulk soil samples were taken using the excavation method (Page-Dumroese et al. 1999) at a 
depth of 15 cm and a diameter of 15 cm.  The volume of the sample was measured by using a 
thin plastic to line the hole, and a volume of calibrated sand was used to fill the hole. Samples 
were kept intact and transported to the lab to dry. Once dry, the sample was weighed to measure 
total weight. The sample was then used to extract an inner, uncompromised sample to be used for 
DA and WA. Coarse fragments >9.5mm were sieved and weighed, and the weight was 
subtracted from the total weight for a “corrected” bulk density using Equation 1: 
 ! = 	 (Total	soil	dry	weight − coarse	fragment	weight)volume	of	sample	(cm<)  Eq. 1  
Saturated Hydraulic Conductivity: 
A Wooding infiltrometer (Wooding, 1968) was used to measure surface saturated hydraulic 
conductivity using Equation 2: 
 => = ?@ − 4BCD(EF>(G@ − G?) 
 
Eq. 2  
Aggregate Stability: 
Aggregate stability was measured using the extracted, uncompromised core from the dry 
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bulk sample. The core was weighed and placed in a paper bag. Mean weight diameter (MWD) 
was used as an index to quantify aggregate stability and was calculated using Equation 3. 
Dry aggregate stability: The drop-shatter method (Diaz-Zorita et al., 2002) was used to 
break the sample. The sample was then shaken at an amplitude of 2mm for 30 seconds in a 
Fritsch Analysette 3 shaker using 16mm, 8mm, 4mm, 2mm, 1mm, and 0.5mm sieves. 
Wet aggregate stability: Twenty grams of the 4-8mm aggregates separated from the dry 
aggregate stability method were weighed and used for wet-sieving using the Yoder method 
(Yoder, 1936) for five minutes. 
HIJ =	K LMNOPQR 	S? 
 
 
Eq. 3  
 
where L̅?  is the mean dimeter of each size fraction. wi is the proportion of the total sample weight 
occurring in the size fraction i. 
Soil Texture: 
Soil texture was measured using the pipette method (Dane and Topp, 2002). Approximately 
(10) grams of soil remaining from the bulk density was weighed, titrated with 35% hydrogen 
peroxide, and dispersed using sodium hexametaphosphate and physical shaking/stirring. Based 
on the temperature of the room, after settling for the appropriate time (temperature defined) a 25 
mL aliquot was taken at a 5 cm depth to determine clay contend, and the sand fraction was 
determined by sieving the whole sample with a 53 µm, sieve. 
Chemical Properties. 
Soil Bioavailable Nutrients: 
The remaining bulk sample was crushed and sieved to < 2mm. Bioavailable nutrients 
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including: Mg, Ca, K, Na, P, B, Zn, Fe, and Al were measured using a Mehlich III extraction 
with a 10:1 solution (Mehlich, 1984). These nutrients were chosen to determine amounts of 
plant-available nutrients necessary for plant growth, and to determine amounts of possible toxic 
heavy metals due to mining. 
Soil pH and EC: 
 
Soil pH (bench meter – Beckman 43) and EC (bench meter – Mettler Toledo S230 




A Solvita test was conducted to measure soil respiration using a CO2 burst (Haney et al. 
2008). Soil samples were sieved and weighed to 40 ± 1g. Based on the bulk density of the 
sample, a given amount of water was determined, and a Solvita gel paddle was inserted into a 
glass jar with the soil sample and left for 24 hrs. 
Soil Organic Matter Content: 
Soil organic matter was measured using loss on ignition (Heiri et al. 2001). 
NRCS Soil Quality Test Kit Methods 
The NRCS Soil Quality Test Kit methods were used only in Experiment I to measure the 
below specified physical, chemical and biological soil health indicators. 
Physical Properties 
Bulk Density: 
Soil cores were taken in the field using a 3-inch diameter metal ring at a depth of 0-7.5 cm. 
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The cores were air dried and weighed. Dry bulk density was calculated using Equation 4: 
! = CT?U	VWX	SY?Zℎ\	(Z)]XU?^VYW	_TU`aY	(]a<) 
 
Eq. 4  
Saturated Hydraulic Conductivity: 
A single 6-inch diameter metal ring was inserted into the ground to a depth of three inches 
and was uncovered and lined with a thin plastic. Once lined, 444 ml of distilled water was 
measured using a graduated cylinder and poured into the plastic-lined ring. The plastic was 
removed, and the time it took for the water to infiltrate the soil was recorded. The process was 
repeated for a second recording. 
Aggregate Stability: 
Aggregate stability was measured by using the air-dried bulk density sample and sieving 10 
g of soil to 2mm and placing the sample in a 0.25 mm sieve on a damp cloth to allow slow 
wetting for 5 minutes. The wet sample in the 0.25 mm sieve was then placed in a container filled 
with distilled water, so that the water surface is just above the soil. The sieve was then moved up 
and down at a rate of 30 oscillations per minute for three minutes. The sieve holding the sample 
was then placed on a dry cloth and then moved to a drying chamber. Once dry and cool, the 
remaining aggregates were weighed. The aggregates in the sieve were then immersed, soaked, 
and moved up and down in a Calgon solution for 5 minutes. The remaining sand was then rinsed, 
dried, and weighed. Water stable aggregates were then calculated by using Equation 5: 
 
%	T@	>T?U > 0.25aa = (SY?Zℎ\	T@	VWX	hZZWYZh\Y> − >h^V)(SY?Zℎ\	T@	VWX	>T?U − >h^V) 	L	100 Eq. 5  
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Slaking: 
Aggregate integrity under rapid wetting was measured using the slake test. Sixteen air- dry 
aggregates of the same size were placed on sieves and submerged into water for five minutes. 
After being submerged, aggregates were observed and classes 1 and 2 were determined based on 
loss of structural integrity. The sieves were then lifted up and down five times, observed, and 
classes 3, 4, 5, and 6 were determined based on the percentage of soil remaining on the sieve. 
Chemical Properties 
Soil pH and EC: 
Soil pH and EC were measured using the same 1:1 solution of air-dry soil from the bulk 
density sample and water measured with a scoop of known volume. The solution was shaken 25 
times by hand. A pocket meter was used to measure EC while continuously stirring the solution. 




The same installed metal ring used in the soil respiration method above was used and capped 
with a plastic lid for 30 minutes. After the 30 minutes, Draeger tube and syringe were used to draw 
100 cc from the headspace within the ring. Four additional readings were performed if the first 
reading was less than 0.5%, for a total of 500 cc. Respiration was calculated using Eq. 6: 
 FjCk = kl L Gl L (%mn2 − 0.035) L 22.91 L o Eq. 6 
 
where PF = pressure factor = 1, TF = temperature factor = (soil temperature in Celsius + 273) 
 




Vegetation Sampling: Survey, Methodology and Analysis 
Vegetation sampling and characterization was performed for Experiments II and III. A 
species diversity (speciation) survey was conducted at each of the fifty (50) GPS points for 
Experiment II, and in triplicates for both the treatment and control on all three sites using a 0.36 
m2 quadrant grid in Experiment III. The quadrant that was used consisted of 156 “cells”. To 
determine percent surface cover, dead material, canopy cover, occurrence of species within 
grass, legume, and forb classifications, and presence of moss, cells containing those 
characteristics were counted and divided by the total number of cells. All woody species were 
disregarded from the survey. 
In Experiment III, once visual diversity surveys were completed, aboveground biomass was 
harvested using the 0.36 m2 quadrant grid at the eighteen points within the randomized block 
design at each site twice, in June 2017 and 2018, before urea application. Twelve weeks after 
urea application in September 2017 and 2018, the measurements were repeated. 
Biomass for experiments 2 and 3 were harvested with garden shears at soil or ground level. 
The plant material was placed in paper bags and transported to the lab to be oven-dried at 60°C 
for 48 hrs. The collected biomass was weighed and recorded. 
Experimental Design and Data Analysis 
Experiment I 
Results for Experiment I was statistically analyzed using SAS 9.2 (SAS Institute Inc., 2009). 
A Proc MEANS analysis was run to determine descriptive statistics for all soil indicators by 
method (NRCS, standard), and by site (WV2, WV11, WV16, WV32) x method (NRCS, 
standard). 
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A simple linear correlation analysis was performed among all soil indicators using Proc 
CORR procedure by method, and by site and method. 
A PROC GML procedure was used to run a completed randomized factorial analysis to 
separate Soil Health Indicators means for each method and site. The results of the mean 
separation obtained using t-test (LSD) by methods and site, was used to compare site separation 
between methods, or sensitivity of the method to separate sites. An alpha level of 0.10 was 
considered significant (Stoddard et al., 1998). 
To test the effectiveness of methods that used the same units to describe the indicators (e.g. 
bulk density in Mg m-3 ), a straight-line comparison of slopes and intercepts was developed. The 
standard method was considered the model or ideal regression line to mirror, and it determined 
the 1:1 line (x = y, and equal to standard method data). The procedure PROC REG was used to 
determine the significance of the regression parameters for the regression between methods, and 
PROC MIX procedure was used to determine if the regression between model was statistically 
similar (equal slopes) to the “ideal 1:1” regression line. 
Experiment II 
Statistical analyses were performed using SAS 9.2 (SAS Institute Inc., 2009). A Proc 
MEANS analysis was applied to determine descriptive statistics for all soil indicators and 
vegetation survey data by site (WV2, WV11, WV16) and by year (2017, 2018). A simple linear 
correlation analysis was performed on all soil indicators and vegetation survey data using Proc 
CORR by site. This analysis determined whether aboveground vegetation correlated to 
belowground soil indicators between sites. 
A PROC GML procedure was used to run a completed randomized analysis to separate Soil 
Health Indicators means (including vegetation analysis/plant diversity) for each the site. The 
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results of the mean separation obtained using t-test (LSD) by site, was used to compare effects of 
time since reclamation. A PROC ANOVA procedure was used to run a completed randomized 
analysis to separate vegetation analysis/plant diversity means for each the site and year. Two 
years of vegetation characteristics were taken through the duration of this study. This analysis 
determined whether the site and year of observation had an effect on vegetation diversity. An 
alpha level of 0.10 was considered significant (Stoddard et al., 1998). 
Experiment III 
Statistical analyses were performed using SAS 9.2 (SAS Institute Inc., 2009). The 
experimental design was a completely randomized block design 3x2x3 (factors were 3 sites, 2 
fertilizer rates, and 3 blocks). Proc MEANS procedure was run to obtain descriptive statistics for 
all soil indicators, vegetation survey data, and aboveground biomass by site (WV2, WV11, 
WV16) and by treatment (no fertilizer, fertilizer). 
A simple linear correlation analysis (PORC CORR) was performed on all soil indicators, 
vegetation survey data, and aboveground biomass by site. 
An PROC ANOVA with mean separation (t-test) were used to determine mean separation of 
soil health indicators and vegetation diversity/biomass among main effects (site or year of 
reclamation, fertilizer rate and block effects), and possible interactions. An alpha level of 0.10 





CHAPTER 4. RESULTS AND DISCUSSION 
Experiment I: Soil Quality Test Kit Evaluation  
Physical Properties 
Bulk Density (BD) 
Bulk density (BD) was measured using the NRCS Soil Quality Test Kit method (core with 
known volume) and standard method (excavation) on each of the four mine sites. To compare the 
performance of the NRCS Soil Quality Test Kit to the standard method (excavation method) we 
consider a 1:1 “ideal” linear regression constructed using the standard method data as x and y 
variables (independent and dependent variables). The deviations of the NRCS Soil Quality Test 
Kit vs standard method regression line from the 1:1 was used to statistically evaluate the NRCS 
Soil Quality method. Figure 6 shows graphically the deviation between regression lines. 
Statistically, the overall (all sites, all points) regression between the NRCS test kit method 
and standard method deviated significantly from the slope of the 1:1 line (p = 0.0012). However, 
there is a positive, but weak, relationship between the two methods with an R2 = 0.32 
(significant at p < 0.01). Figure 7 a through d, shows the results for the same analysis described 
above executed for each site. The regression coefficients vary between 0.7 and 0.03, indicating 
significant differences between the efficiency of the NRCS method by site, including a 
significant negative correlation for site WV16 (r = -0.81). Site WV2 was the only site that 
showed a strong positive correlation between the two methods with R2 = 0.70 (significant at p < 
0.01). 
In general, the BD values found by the NRCS test kit method were found to be lower than 
all BD values (Table 3). The differences between BD data measured by the two methods may be 
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due to the fact that the two methods were measured at different depths. The soil test kit method 
was measured between 0-7.5cm, whereas the standard method was measured between 0-15cm. 
The standard method uses a sampling depth 0-15 cm (approximately 6 inches) which is the depth 
at which soils are being evaluated for agricultural production (Follett et al., 1984). Bulk density 
is known to increase with depth (Pena-Yewtukhiw et al., 2009), and therefore higher bulk 
density values using the standard method were expected. The test kit method which samples 0-
7.5 cm, includes more volume of root mass in the total sample, which decreases the total mass 


















Figure 7. Comparison of soil bulk density obtained with the Standard and NRCS methods by site: 7a. WV2, 7b. WV11, 7c. WV16, 
and 7d. WV32. 
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Bulk density exhibited significant differences between the youngest and oldest sites (Table 
3). In general, and for both BD measuring methods, the significant difference between the 
youngest and oldest site, with the youngest site having the highest BD and the oldest site with the 
lowest BD, may be due to the recent high compaction in the youngest site and soil development 
and vegetation establishment in the oldest site (Table 3). 
Using the NRCS method, sites WV2, WV11, and WV16 showed no statistical difference 
with values of 1.37±0.11 Mg m-3, 1.34±0.06 Mg m-3, and 1.35±0.15 Mg m-3, respectively. 
However, WV32 showed the lowest value of 1.12±0.17 Mg m-3 and was statistically 
significant from the other sites, which was expected due to the older age of the site (more root 
mass and organic matter accumulation). Although the NRCS and the standard method BD 
data followed a similar trend, the standard method exhibited a higher sensitivity in the 
statistical separation between sites (Table 3). The standard method data resulted in WV2 
having the highest value of 1.53±0.15 Mg m-3 and WV32 having the lowest value of 
1.37±0.32 Mg m-3. However, sites WV11 and WV16 were not statistically different from 
either WV2 or WV32, with values of 1.48±0.12 Mg m-3 and 1.45±0.11 Mg m-3, respectively. 
The BD values for both methods were similar to those found by Bendfeldt et al. (2001) 
which were taken at a depth of 0 to 10 cm. The soil test kit method resulted in lower BD values 
found by Mukhopadhyay et al. (2016), however the standard method resulted in similar values 
reported for BD at a depth of 0 to 15 cm.  The observed results were lower than those reported 
by Thurman and Sencindiver (1986) for uncorrected BD which were taken from the A horizon of 
mine soils (0 to 9 cm, and 0 to 12 cm depths). The BD values found in this study, were more like 
those reported for corrected BD. 
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Table 3. Differences in soil bulk density (Mg m-3) obtained with standard and NRCS methods 
between sites at an α level of 0.10. 
 




WV2 1.37±0.11 a 1.53± 0.15 a 
WV11 1.34±0.06 a 1.48±0.12 ab 
WV16 1.35±0.15 a 1.45±0.11 ab 
WV32 1.12±0.17 b 1.37±0.32 b 
 
Note: Different letters in the columns indicate significant differences between sites within 
methods. 
 
Regarding agricultural soils, the soil BD measured in the WV2, WV11 and WV16 
regardless of the method represent moderate limitations for general agricultural activities 
(NRCS-USDA, 2014). Site WV16 exhibited slight to no limitations when NRCS method was 
used, but the same limitations as the other sites when the standard method was used. 
Saturated Hydraulic Conductivity (Ks) 
Saturated hydraulic conductivity was measured and compared using the NRCS Soil Quality 
Test Kit (single ring) and standard method (Wooding Infiltrometer) on all four sites. To compare 
the performance of the NRCS Soil Quality Test Kit to the standard method, the same procedure 
used for BD was applied for the saturated hydraulic conductivity: considering a 1:1 “ideal” linear 
regression constructed using only the standard method data, and measuring the statistically 
significant deviations from the NRCS Soil Quality Test Kit vs standard method regression line. 
There is a weak but significant correlation between the two methods with R2 = 0.13 (Figure 
8). However, the slope of the trendline of the NRCS test kit vs standard method deviate 





Figure 8. Overall (all sites) comparison of saturated hydraulic conductivity obtained with the 
Standard and NRCS methods. 
 
Figure 9 shows that the relationship between the NRCS test kit and standard method 
deviated significantly from the slope of the 1:1 line on WV2, WV11, and WV16 with p values of 
0.0003, 0.0205, 0.0169, respectively. Site WV32 had a p=0.0519, however it is negatively 
correlated. Site WV16 shows a strong positive correlation between methods with R2 = 0.72, and 
the best efficiency between methods of all the sites. 
Using the soil test kit, saturated hydraulic conductivity showed no statistical difference 
between WV32 and WV16 with values of 0.175 cm min-1 and 0.144 cm min-1, respectively 
(Table 4). Sites WV2 and WV11 showed no statistical difference with values of 0.077 cm min-1 
and 0.073 cm min-1, respectively. The standard method showed a similar trend with sites WV2, 
WV11 and WV16 with values 0.073 cm min-1, 0.075 cm min-1, and 0.175 cm min-1, respectively. 
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However, WV32 showed a value of 0.114 cm min- which was not significantly different 
compared to WV2 and WV11 or WV16. Table 2 presents the hydraulic conductivity data for all 
sites and their evident high standard deviation. Saturated hydraulic conductivity is characterized 
by exhibiting a high variation due to textural and structural heterogeneity of soils within the 
same site (García-Gutiérrez et al., 2018; Gamie and Smedt, 2018). 
Despite the slopes deviation between regression lines shown in Figures 8 and 9, the average 
NRCS test kit Ks and standard Ks show similar trends of the youngest sites having lower Ks than 
that of the older sites. These results may be due to higher compaction in the younger sites 
limiting water movement in the soil surface (Gregory et al., 2006). The results from the study 
sites show higher Ks values than those reported by Thurman and Sencindiver (1986), and lower 
values compared to Pedersen et al. (1980). Overall, the soil test kit average Ks seems to be 
representative of the standard method in each site. However, the NRCS and the standard method 
followed a similar drift in the data by site, the standard method exhibited a higher sensitivity in 













Figure 9. Comparison of saturated hydraulic conductivity obtained with the Standard and NRCS methods by site: 9a. WV2, 9b. 
WV11, 9c. WV16, and 9d. WV32 
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Table 4. Differences in saturated hydraulic conductivity (cm min-) obtained with standard and 
NRCS methods between sites at an α level of 0.10. 
 




WV2 0.077±0.062 b 0.073±0.111 b 
WV11 0.073±0.064 b 0.094±0.068 b 
WV16 0.144±0.096 a 0.175±0.114 a 
WV32 0.175±0.104 a 0.114±0.099 ba 
Note: Different letters in the columns indicate significant differences between sites within 
methods. 
 
The surface soil hydraulic conductivity measured in WV2 and WV11 are considered to be 
moderate (USDA, 2019) for general soil agricultural uses regardless of the method. However, for 
the older sites (WV16 and WV32) moderate rapid conductivities. These values relate to the soil 
bulk density and to wet aggregate stability of the sites. In high BD sites, hydraulic conductivity 
decreased (Pachepsky and Park, 2015), and wet aggregate stability increased with time since 
reclamation, increasing the water conductance under saturated conditions. 
Aggregate Stability (WA) 
Standard methods to determine wet aggregate stability in the lab have no direct comparison 
with the slaking or the aggregation method included in the NRCS Soil Quality Test Kit. In this 
document the data obtained by the qualitative method were presented in table format (Table 5). 
The general conclusion was that there was a similar trend between all three methods. The oldest 
site was found to have the highest wet aggregate stability, whereas the youngest site had the least 
wet aggregate stability. The NRCS soil test kit aggregate stability test was more sensitive to 
separate water-stable aggregates between sites, followed by the standard method. The least 
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sensitive was the NRCS soil test kit slaking method, with only two classes of separation. 
Table 5. Differences in aggregate stability obtained with standard and NRCS methods between 
sites at an αlevel of 0.10. 
 







 % Class MWD 
WV2 59.7±14.0 c 5.1±0.7 b 5.7±0.2 b 
WV11 63.9±6.8 c 5.8±0.2 a 5.7±0.5 b 
WV16 72.5±7.3 b 5.9±0.1 a 6.1±0.1 a 
WV32 80.6±5.1 a 5.9±0.1 a 6.0±0.4 a 
Note: Different letters in the columns indicate significant differences between sites within 
method. 
 
These results were expected and support the findings of water-stables aggregates increasing 
with time reported by Thomas et al. (2000) and Wick et al. (2009) due to increased soil 
development and SOM. However, the results using the soil test kit method of percent water- 
stable aggregates were higher than those found by Bendfeldt et al. (2001). 
Chemical Properties  
pH 
Soil pH was measured using a the NRCS soil test kit method (pocket meter - Milwaukee 
pH600) and standard method (bench meter - Beckman 43) with both methods using a 1:1 soil 
water solution. In the overall site comparison of pH methods, a 1:1 linear regression was used to 
determine slope deviation (p < 0.01) of the two methods from the 1:1 linear regression of the 
standard method. Figure 10 shows the overall site comparison, which indicates that the trend line 
of the test kit and standard methods deviates from the 1:1 slope with a p=0.0244. If a 
significance level of p < 0.01 is applied, the deviation in data between methods is not significant. 
49  
There is a strong positive correlation between the methods with an R2 value of 0.66. Figure 11 
shows the 1:1 linear regression comparison for all sites individually, where WV2 shows a 
deviating slope with a p = 0.0084. All sites excluding WV2 show a positive correlation between 
the methods. 
 
Figure 10. Overall (all sites) comparison of pH obtained with the Standard and NRCS methods. 
 
Figure 11 shows the 1:1 linear regression comparison for individual sites, where WV2 
shows a significant deviation from the 1:1 curve (p =0.0084).  The youngest site exhibits the 
greatest deviation between the standard laboratory test and the NRCS field pocket method. All 
sites excluding WV2 show a positive correlation between the methods. What has been observed 
for all the properties studies and methods studied at this time, is that there is an effect of site on 
how the method performs. 
Soil pH shows a significant difference between the younger and older sites (Table 6). 
Using both the soil test kit and standard pH methods, WV2 and WV 11 were significantly 
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lower than WV16 and WV32. The two methods also show a significantly lower pH for WV16 
compared to WV32. These results support the findings of Roberts et al. (1988), Hearing et al. 
(1993, 2004), and Thomas et al. (2000). The overall increase in soil pH with time is similar to the 
findings of Chaudhuri et al. (2012). Overall, the soil test kit average pH measurements are 
comparable to the pH measurements performed in the lab using the standard method. However, 
the standard method exhibited a higher sensitivity in the statistical separation between sites 
(Table 6). 
Table 6. Differences in pH values obtained with standard and NRCS methods between sites at an 
α level of 0.10. 
 




WV2 6.0±0.4 c 6.1±0.5 bc 
WV11 5.8±0.4 c 5.8±0.5 c 
WV16 6.5±0.6 b 6.3±0.6 b 
WV32 7.3±0.3 a 7.3±0.3 a 















Figure 11. Comparison of pH obtained with the Standard and NRCS methods by site: 11a. WV2, 11b. WV11, 11c. WV16, and 11d. 
WV32 
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Electrical Conductivity (EC) 
Soil EC was measured using the NRCS test kit method (pocket meter - Hanna DiST4) and 
standard method (bench meter - Mettler Toledo S230 SevenCompact) using a 1:1 soil water 
solution. In the overall site comparison of NRCS Soil Quality Test Kit EC vs Standard EC 
regression, indicated a significant deviation from the ideal 1:1 regression line (p < 0.05). Figure 
12 shows that the overall relationship of the test kit and standard method deviated from the slope 
of the 1:1 line (p < 0.0001). Figure 12 also shows that there is a weak positive correlation 
between the two methods with an R2 = 0.13. Figure 13 depicts the relationship of the two 
methods compared to the 1:1 linear relationship for each site individually. All sites, excluding 
WV11, shows a significant deviation from the slope of the 1:1 line. All four sites show weak to 
no correlation between the two methods. 
These results may be contributed to the depth at which the soil sample was taken. The test 
kit method went to a depth 0-7.5 cm, whereas the standard method used a depth of 0-15 cm. In 
Shrestha and Lal (2011), it was seen that EC increased with depth. Other possible contributions 
are that the soil test kit method did not require the grinding of soil before the EC measurement 
was taken. The method also required shaking of the soil water solution for a very small amount 
of time by hand, and suggested stirring the solution with the EC meter to help keep the soil 
particles suspended. Even with the stirring of the solution, the pocket meter was not as sensitive 
as the laboratory meter resulting in lower EC values for all four sites. 
The soil moisture content of the sample in the field is higher than the moisture content of the 
sample used in the laboratory determination of EC (Bai et al., 2013). In a study by Zhang and 
Weinhold (2002), pH and EC were measured under increasing moisture contents, resulting in a 
small decrease of pH followed by a rapid increase at a certain moisture content. However, EC 
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reacted with constant increase with higher moisture content, followed by a rapid decline at the 
same moisture content that pH increased. The two measurements performed inversely of each 
other, however the results reported here have a strong positive correlation to one another for both 

















Figure 13. Comparison of EC obtained with the Standard and NRCS methods by site: 13a. WV2, 13b. WV11, 13c. WV16, and 13d. 
WV32 
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Soil EC showed a significant difference between the youngest and oldest sites using the Soil 
Test Kit method (Table 7). Sites WV2 and WV11 were not significantly different with EC values 
of 0.089 dS m-1 and 0.081 dS m-1, respectively. Sites WV16 and WV32 were significantly higher 
than the two youngest sites with values 0.128 dS m-1 and 0.154 dS m-1, respectively. The 
standard method showed a similar trend with WV32 having the highest EC (0.438 dS m-1) and 
WV11 having the lowest EC (0.097 dS m-1). However, the standard method seemed to be more 
sensitive with values higher than the test kit method, discussed previously. 
These EC ranges support the findings of Shrestha and Lal (2011), and Roberts et al. (1988). 
However, the increase of soil EC with time is opposite of the findings reported by Wick et al. 
(2009) and Chaudhuri et al. (2012), where soil EC decreased with time since reclamation. The 
dominant and mixed parent material of sandstone and shale may account for these discrepancies 
(Roberts et al., 1988) 
Table 7. Differences in electrical conductivity (EC in dS m-1) obtained with standard and NRCS 
methods between sites. 
 




WV2 0.089±0.037 b 0.202±0.084 b 
WV11 0.081±0.025 b 0.097±0.023 c 
WV16 0.128±0.042 a 0.169±0.067 b 
WV32 0.154±0.050 a 0.438±0.128 a 
Note: Different letters in the columns indicate significant differences between sites within        
methods at an α level of 0.10. 
 
Regarding agricultural soils, the soil EC measured in all the sites regardless of the method 
represent slightly to no limitations for general agricultural activities (NRCS-USDA, 2014). 
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Biological Properties  
Soil Respiration 
Soil respiration was measured using the NRCS Test Kit method (Draeger tubes) and 
standard method (Solvita® test, CO2-Burst) on each of the four sites. The average respiration 
rate and differences between methods are presented in Table 8. The Solvita results were 
transformed from mg kg-1 day-1 to lb CO2-C ac-1 day -1 used by the NRCS test kit Draeger tubes 
to be comparable. The reported values show similar trends between the soil test kit and standard 
method. The standard method shows higher values for WV2 and WV32 compared to the NRCS 
test kit method, however they are not significantly different. Site WV11 exhibited a significantly 
lower respiration by both methods compared to the other sites (Table 8). This site also reportedly 
had the lowest pH and EC values compared to the other three sites. It is possible that the lower 
pH was limiting the microbial activity in the soil (Fierer and Jackson, 2006), therefore resulting 
in lower respiration values. 
The values presented for WV11 are considered “ideal soil activity” (Woods End Research, 
1997) and are comparable to those reported by Doran et al. (1997) in a silty clay loam soil, 
however the results reported for the other three sites are higher than those in the literature. 
Results reported by Liebig et al. (1996) in conventional agricultural areas are similar to those 
found for WV2, WV16, and WV32 with ranges of 40.1 lb CO2-C ac-1 day -1 to 58.9 lb CO2-C 
ac-1day -1. Stroo and Jencks (1982) found that mine soils reclaimed with grass-legume 






Table 8. Differences in respiration obtained with standard and NRCS methods between sites. 
. 
Site Soil Test Kit Respiration 
Standard 
Respiration 
                                                        lb CO2-C ac-1 day -1 
WV2 41.9±12.3 a 62.1±39.0 a 
WV11 25.9±6.1 b 22.4±14.5 b 
WV16 48.4±18.5 a 48.5±37.8 ab 
WV32 45.4±19.6 a 69.5±41.3 a 
Note: Different letters in the columns indicate significant differences between sites within 
method at an α level of 0.10. 
 
As reported for previous soil health variables measured by the NRCS Soil Quality Test Kit 
and the standard laboratory methods, the mean separation for the standard lab measurements is 
more sensitive in separating the variable behavior by site. 
 
Experiment II: Time Since Reclamation and Soil Health  
        Physical Properties 
Coarse Fragments and Fines 
Coarse and fine fragments in fifty (50) sampling points per site were measured across three 
sites by percent weight. Coarse fragments were particles > 2mm, whereas fines were < 2mm. 
Table 9 shows the average percent of coarse and fine particles and significant differences across 
the three sites. Site WV11 has significantly less coarse fragments (8%), and significantly more 
fine particles (92%) compared to WV2 and WV16 (Table 9). The coarse fragments percentage is 
significantly lower than the values reported in the literature of up to 70% coarse fraction 
(Ciolkosz et al., 1985; Thurman and Sencindiver, 1986; Roberts, et al., 1988; Hearing et al., 
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2004). The lower amount of coarse fragment fraction may be due to the reclamation methods and 
the addition of topsoil or topsoil substitute on these sites. Bussler et al. (1984) showed reclaimed 
mine soils in Indiana to have an average of 2.2% coarse fragments in the topsoil material from 0-
29 cm. The NRCS soil profile descriptions conducted during this study also support the findings 
of low coarse fragments at all sites (Appendix A, Fig. A1-A4).  
Table 9. Differences in coarse fragments and fine particles (% by weight) obtained with standard 
methods between sites. 
 
Site Coarse Fragments Fines 
                                                    %  
WV2 10.3±4.2 a 89.7±4.2 b 
WV11 8.1±2.8 b 91.9±2.8 a 
WV16 10.3±4.0 a 89.7±4.0 b 
Note: Different letters in the columns indicate significant differences between sites within 
method at an α level of 0.10. 
 
Particle Size Distribution (Texture) 
In fifty (50) sampling points per site, particle size distribution (sand, silt, clay) at 0-15 cm 
depth was analyzed across the three sites. Table 10 presents the textural class for each site, and 
the observed differences in average sand, silt, and clay. Site WV2, the youngest site, was a silty 
clay loam soil, with an average of 198 mg kg-1 of sand, 522 mg kg1 of silt, and 281 mg kg1 of 
clay, which were significantly different to their corresponding particle sizes in WV11 and 
WV16. Site WV2 had significantly lower sand, and significantly higher silt and clay compared to 
the two older sites. Site WV16, clay loam, had significantly more sand (284 mg kg1) and 
significantly less silt (466 mg kg1) and clay (250 mg kg1). These differences may be due to 
differences in dominant and mixed parent material of sandstone and shale, and possible surface 
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erosion processes that occurred since reclamation. According to Roberts et al. (1988), particle 
distribution in young mine soils is strongly correlated to the parent material. According to 
Bussler et al. (1984), mine soils ranged from silt loam to clay loam textures, with more silt and 
clay particles than sand, which is similar to the findings at these three sites. 
Table 10. Differences in texture (mg kg-1) obtained with standard methods between sites. 
 
Site Textural Class Sand Silt Clay 
   mg kg-1  
WV2 Silty Clay Loam 198 c 522 a 281 a 
WV11 Clay Loam 257 b 480 b 263 b 
WV16 Clay Loam 284 a 466 c 250 c 
Note: Different letters in the columns indicate significant differences between sites within 
method at an α level of 0.10. 
 
Bulk Density (BD) 
Surface 0-15cm depth uncorrected BD and corrected BD was measured in fifty (50) 
sampling points per site using the excavation method. Table 11 indicates that uncorrected 
BD values are higher than the corrected BD for all sites, which was expected due to the 
inclusion ofrock fragments in the uncorrected BD. Site WV2 had significantly higher 
uncorrected and corrected BD values of 1.58±0.13 Mg m-3 and 1.51±0.15 Mg m-3, 
respectively. Site WV16 had a significantly lower corrected BD of 1.46±0.12 Mg m-3. In 
young soils, time since reclamation decreases BD due to an increase of organic matter in 
time (Twum and Nii-Annang, 2015; Bi et al., 2014). These BD values are similar to those 
stated in the literature of Bendfeldt et al. (2001), however were lower compared to the results 
of Thurman and Sencindiver (1986) and Mukhopadhyay et al. (2016). 
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Table 11. Differences in 0-15cm uncorrected and rock corrected soil bulk density (Mg m-3). 
 
Site Uncorrected BD Corrected BD 
Mg m-3 
WV2 1.58±0.13 a 1.51±0.15 a 
WV11 1.53±0.16 b 1.47±0.17 ab 
WV16 1.54±0.13 ab 1.46±0.12 b 
Note: Different letters in the columns indicate significant differences between sites within 
method. 
Dry Aggregate Stability 
Surface 0-15cm depth dry aggregate stability (DA) was characterized in fifty (50) 
sampling points per site by using the mean weight diameter (MWD). Table 12 presents the 
average DA MWD and significant differences from the three sites. Site WV2 had 
significantly greater DA stability compared to WV11 and WV16 with a MWD of 36.1±5.2. 
Site WV16 had a significantly lower MWD of 31.1±5.1 compared to WV2, however it was 
not significantly lower than site WV11. This may be due to the fact that the dry aggregates 
in younger mine soils are more likely influenced by compaction, rather than that of soil 
aggregate formation. Dry aggregation has been associated with the presence of compaction 
forces related to land use and soil type (Ćirić et al., 2012). Higher sand content such as the 
observed in WV16 has been related to lower DA stability, and higher clay content would be 
related to higher DA stability. These findings may explain the results observed in Table 10. 
Ćirić et al. (2012) also indicated that larger DA-MWD were undesirable and these aggregate 




Table 12. Differences in 0-15 cm dry aggregate stability (MWD). 
 
Site Dry Aggregate MWD Wet Aggregate MWD 
 mm mm 
WV2 36.1±5.2 a 5.7±0.3 c 
WV11 32.9±7.1 b 5.8±0.4 b 
WV16 31.1±5.1 b 6.1±0.1 a 
Note: Different letters in the columns indicate significant differences between sites within 
method at an α level of 0.10. 
 
Wet Aggregate Stability (WA) 
Surface 0-15cm depth wet aggregate (WA) stability was also characterized in fifty 
(50) sampling points per site, using MWD across all three sites. Table 12 shows that the 
oldest site Surface 0-15cm depth wet aggregate (WA) stability was also characterized in 
fifty (50) sampling points per site, using MWD across all three sites. Table 12 shows that 
the oldest site, WV16, had significantly greater WA stability (MWD of 6.1±0.1), than the 
youngest site, WV2, (MWD of 5.7±0.3). These results support the findings of Thomas et 
al. (2000) and Wick et al. (2009) of water-stable aggregates increasing with time since 
reclamation. Ussiri et al. 2006, found similar MWD values in reclaimed mine soils of Ohio 
that ranged from 0.32 to 5.19 mm, with the greatest MWD in the soil surface layers of 0-5 
cm and 5-10 cm. The results indicate that even though DA stability decreased with time 
since reclamation, wet aggregate stability increased with time. This indicates a higher 
structural integrity of the aggregates under wetting situations as mine soils develop, which 
would be expected due to the increase in biological activity of plants and microbial 
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populations as measured in Experiment I. 
Chemical Properties  
pH 
Table 13 shows the average pH of fifty (50) sampling points per site, and significant 
differences between the sites. Site WV11 had a significantly lower pH of 5.8±0.4 compared to 
WV2 and WV16. These differences may be due to differences in dominant and mixed parent 
material of sandstone and shale (Roberts et al., 1988; Hearing et al., 1993). All three sites 
showed pH values between 5.5-6.5, similar to those reported by other researchers (Thomas et al., 
2000; Hearing et al., 2004). 
Table 13. Differences in 0-15cm pH between sites at an α level of 0.10. 
 
Site pH 
WV2 6.1±0.6 a 
WV11 5.8±0.4 b 
WV16 6.2±0.8 a 
Note: Different letters in the columns indicate significant differences between sites. 
 
Available Nutrients 
Plant available nutrients were measured using a Mehlich III extraction in soil samples 
obtained from fifty (50) sampling points per site at a depth of 0-15 cm. Table 14 shows the 
average amount of nutrients and significant differences between the sites. Site WV16 had 
significantly more Al and Na than the two younger sites. Whereas site WV2 had significantly 
more Mg, P, and Zn than the two older sites. The measurements of K, Ca, Mg, and Zn were 
comparable to those found in an agricultural soil at the organic farm in Monongalia Co., WV 
(Pena-Yewtukhiw et al., 2017). The measured P in this study was found to be lower than the P in 
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the literature in both the agricultural system and mine soils (Roberts et al., 1988; Bendfeldt et al., 
2001; Pena-Yewtukhiw et al., 2017). The measured K was similar to those found by Roberts et 
al. (1988) and Bendfeldt et al. (2001). However, the Ca and Al were higher, while the Fe and Na 
were lower compared to the literature in mine soils (Roberts et al., 1988; Bussler et al., 1984; 
Bendfeldt et al., 2001). 
Table 14. Differences in Mehlich III extracted bioavailable nutrients (mg kg-1) between sites at 
an α level of 0.10. 
Site Al Ca Fe K Mg Na P Zn 
mg kg-1 
WV2 490 b 1575 a 87.6 a 104 a 202 a 71.3 b 8.89 a 1.97 a 
WV11 499 b 983 b 59.5 b 105 a 120 c 70.6 b 4.31 b 1.06 c 
WV16 541 a 1753 a 83.5 a 97.8 a 135 b 79.4 a 5.31 b 1.64 b 
Note: Different letters in the columns indicate significant differences between sites. 
 
Initial chemical concentration of salts and bioavailable nutrients in a mine soil will be 
related to the mineral and organic concentration of the substrate used during reclamation. 
However, it is expected that over time, these elements may become more similar to natural soils 
(natural benchmarks) (Howell et al., 2016). 
Biological Properties  
Soil Organic Matter 
Soil organic matter (SOM) was measured using LOI from 0 to 15 cm across all three 
sites. Table 15 indicates that site WV11 exhibited significantly less SOM of 42.2±6.1 g kg-1 
compared to WV2 and WV16. These results do not support the findings of Pedersen et al. 
(1980) or Bussler et al. (1984) of relatively low SOM in mine soils. These results may be 
due to the amount of root mass at the soil surface in the studied mine sites. However, the 
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results support findings from researchers like Bendfeldt et al. (2001) and Chaudhuri et al. 
(2011), whereas time increases since reclamation, organic matter increases. 
Table 15. Differences in soil organic matter (g kg-1) obtained with standard methods between 
sites. 
 
Site SOM  
(g kg-1) 
WV2 52.8±10.5 a 
WV11 42.2±6.1 b 
WV16 55.1±9.5 a 




Vegetation surveys recording plant classification percentage on each site in 2017 and 2018 
are presented in Table 16. At the start of this study in 2017, WV2 had significantly more forbs 
than WV11 and WV16, whereas WV11 had significantly more grasses (Figure 14). These results 
may be related to the higher bulk density observed in WV2 limiting the growth of the grasses 
and legumes, as well as the concept of pioneer species being the first to colonize in a disturbed 
area (Groninger et al., 2007). Sites WV11 and WV16 had significantly more time to establish a 
denser coverage of the seeded grasses and legumes compared to WV2. In 2018, WV11 and 
WV16 had significantly more legumes than WV2, and all sites had between 45-50% grasses 
(Figure 15). The increase in grasses in WV2 between 2017 and 2018 can be contributed to 
having time to establish vegetation as a young site. 
In mine soil, and soils in general (Moujahid et al., 2017), there is a tight relationship 
between soil and vegetation. Soil type has been known to cooperatively shape the pattern of plant 
species (Garcia-Palacio et al., 2012). Soil pH, among other factors, controls microbial 
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communities which result in different soil types housing microbial populations (Fierer and 
Jackson, 2006). Plant species have been known to correlate to these specific microbial 
populations due to their root exudates (Berg and Smalla, 2009). Tilman (1984) described how 
spatial variability of nutrients may be a cause of heterogeneity in early successional vegetation. 
Bi et al. (2014) described vegetation type as having significant effects on bulk density after 
just one year after reclamation, and reported that a higher diversity of plants improved water 
conservation and vegetation recovery in mine soils. Bendfeldt et al. (2001) also recognized the 
overriding effect of vegetation on the soil recovery process in mine soil reclamation. 
An interesting observation is that in an average precipitation year, legume presence is not a 
good index for mine soil age. However, in a wet year, characterized by high moisture content, 
the development of legumes is limited in the high-density soil (the youngest soil). Grasses 
behave the opposite as legumes, which may also be explained by moisture conditions. 
Table 16. Differences in vegetation diversity obtained with standard methods between sites. 
 
Site Legumes Forbs Grass  Legumes Forbs Grass 
            % 
  2017    2018  
WV2 36.3 a 36.7 a 16.7 c  13.6 b 35.5 a 45.1 a 
WV11 34.3 a 10.8 c 50.1 a  29.1 a 14.5 b 49.9 a 
WV16 37.2 a 18.6 b 30.6 b  24.1 a 18.0 b 46.7 a 
Note: Different letters in the columns indicate significant differences between sites within 
method at an α level of 0.10. 
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Figure 14. Comparison of 2017 plant classification diversity by site. 
 
Figure 15. Comparison of 2018 plant classification diversity by site. 
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Experiment III: Time Since Reclamation and Response to Management  
Physical Properties 
Coarse Fragments and Fines, and Particle Size Distribution (Texture) characterization 
Coarse and fine fragments in eighteen (18) sampling points per site were measured across 
three sites by percent weight. Coarse fragments were considered all particles > 2mm 
(Schoeneberger et al., 2012), with fines being < 2mm. The percentage of coarse fragments varied 
between 6.63±4.37 and 7.86±3.87 percent, and the percentage of fines between 92.1±3.87 and 
93.4±4.37 (Table 17). No statistically significant difference (p=0.3573) was observed for coarse 
fragments (p=0.3573) and for fine fragments (p=0.3573) between sites (Table 17). As stated in 
the previous section, these values are significantly different from those reported in the literature 
(Ciolkosz et al., 1985; Thurman and Sencindiver, 1986; Roberts, et al., 1988; Hearing et al., 
2004), except for those stated by Bussler et al. (1984). 
Across all study sites, there was no overall effect of treatment, block, site, or year on coarse 
fragments or fine particles (Table 17). However, there was an interaction between treatment and 
site for both coarse fragments and fine particles (Table 17). No fertilizer application on WV2 had 
the highest coarse fragments (9±3%) and lowest fine particles (91±3%), whereas no fertilizer on 
WV11 had the lowest coarse fragments (5±4%) and highest fine particles (95±4%). This result 
may be an artifact caused by the high variability of soils observed in the younger sites WV2 and 
VW11. No cause effect relationship between fertilizer application and particle size was expected. 
Regarding to soil texture, site WV2 had significantly lower sand content (182±27 mg kg-1), 
and significantly higher silt (533±60 mg kg-1) and clay (285±40 mg kg-1) contents compared to 
the other sites (Table 17). These results are similar to those found and discussed in the previous 
section.  
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As expected, there was no effect of treatment or year on particle size distribution.  
However, due to spatial variability, there was an interaction of block and site on sand, silt, and 
clay measurements (Appendix C, Table C1). This supports the selection of the block 
experimental design used in this study. The effect of block and site on these measurements may 
be due to the addition of topsoil or topsoil substitute and mixed dominant parent material 
described previously. 






              Sand 
 
       Silt 
 
       Clay 
 %             mg kg-1  
Site       
WV2 7.86±3.87 a 92.1±3.87 a  182±27c 533±60a 285±40a 
WV11 6.63±4.37 a 93.4±4.37 a  251±29b 490±15b 259±17b 













    Pr > F   
Site 0.3573 0.3573  <0.0001 <0.0001 0.0002 
Year 0.1097 0.1097  0.6484 0.9001 0.6650 
Same letters in the same columns indicate no statistically significant differences (Least Squares 
Means) at p < 0.10. 
 
Bulk Density (BD) 
Uncorrected BD and corrected BD was measured in eighteen (18) sampling points per site 
using the excavation method to a depth of 0-15 cm. Table 18 presents the comparison between 
the corrected BD sites for each sampling year. Regardless of fertilizer treatment, corrected BD 
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(1.62±0.13 Mg m-3) was significantly higher for WV16 in 2017 as compared to WV2 and WV11, 
however in 2018 site WV2 had significantly higher corrected BD (1.58±0.12 Mg -3) (Table 18). 
The contrasting results between years may be due to variability of topsoil and compaction across 
the sites, and small sampling size. The results observed in 2018 are similar to the corrected BD 
reported in Experiment II using a larger sampling size of fifty points. 
 
Table 18. Effect of site on rock corrected bulk density (Mg m-3). 
 
Corrected BD (Mg m-3) 
   2017  2018    2017  2018  
   No Fertilizer    Fertilizer  
WV2 x 1.45±0.11 b 1.55±0.14 a x1.47±0.11 b 1.60±0.09 a 
WV11 1.49±0.13 b 1.45±0.07 b x1.55±0.15 b 1.45±0.15 b 
WV16 x1.60±0.13 a 1.46±0.07 b x1.64±0.14 a 1.43±0.15 b 
Note: Different letters in the column indicate significant differences between sites at P < 0.10.  
x indicates significant differences between years for a given treatment for the same site. 
 
 
Treatment did not significantly affect BD values (Table 18), however when no fertilizer was 
applied, an increase in WV2 and a decrease for WV16 were observed (Table 18) between 2017-
2018, and no changes in BD for WV11 were measured. Although, when fertilizer was applied, 
both WV11 and WV16 experienced reduction of BD between 2017-2018, and WV2 showed a 
significant increase in BD. The increase in BD measured in site WV2 affected the main effect of 
year. On average, the corrected BD in 2017 (1.53±0.14) was significantly higher compared to 
2018 (1.49±0.13) (Table 19). Changes in vegetation growth, especially grasses, may have 
affected BD, decreasing its value in the older sites. However, although significant, the small 
difference may not produce evident changes in other soil processes. Bulk density exhibited an 
interaction Treatment*Site*Year. This interaction was explained by BD behavior in the younger 
site being opposite to the behavior in both the older sites. Weather and vegetation development 
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have been discussed as affecting soil properties such as aggregation and bulk density. An et al. 
(2013) reported different BD values for different revegetation patterns at different soil depths, as 
time increased since revegetation, lower bulk densities were observed, especially at the surface 
0-20 cm. This finding supports our data. 
Dry Aggregate Stability 
Surface 0-15cm depth dry aggregate stability (DA) was characterized in eighteen (18) 
sampling points per site using the mean weight diameter (MWD). There was an overall increase 
in DA-MWD between 2017 and 2018 seen across all three sites (Table 20), which supports the 
hypothesis of aggregation increasing with time due to the addition and establishment of 
vegetation and organic matter. However, the oldest site, WV16, had significantly lower DA- 
MWD in 2017 and 2018 (25.7±7.2 mm; 31.7±4.7 mm), and WV11 had the highest DA-MWD 
(34.6±4.2 mm; 38.4±4.5 mm). 
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Table 19. Effect of fertilizer treatment, site and year on corrected BD, dry aggregate (DA) and 
wet aggregate (WA) mean weight diameter (MWD). 
 BD Dry MWD Wet MWD 
 Mg m-3 mm 
Treatment    
No Fertilizer 1.50±0.12 a* 32.2±5.63 a 5.98±0.26 a 
Fertilizer 1.52±0.15 a 33.3±6.28 a 5.98±0.25 a 
Site    
WV2 1.52±0.13 ab 33.0±4.9 b 5.91±0.25 a 
WV11 1.49±0.13 b 36.5±4.7 a 5.89±0.28 b 
WV16 1.54±0.15 a 28.7±6.7 c 6.13±0.13 a 
Year    
2017 1.53±0.14 a 30.6±6.9 b 5.95±0.25 a 
2018 1.49±0.13 b 34.8±5.0 a 6.00±0.26 a 
Treatment*Site*Year    
No Fertilizer*WV2*2017 1.45±0.11 28.8±3.09 5.86±0.28 
No Fertilizer*WV2*2018 1.55±0.15 34.89±2.77 5.94±0.31 
No Fertilizer*WV11*2017 1.49±0.13 35.9±5.18 5.79±3.64 
No Fertilizer*WV11*2018 1.45±0.07 37.3±3.86 6.04±0.17 
No Fertilizer*WV16*2017 1.60±0.13 26.1±6.36 6.11±0.8 
No Fertilizer*WV16*2018 1.47±0.07 30.3±5.02 6.12±0.17 
Fertilizer*WV2*2017 1.47±0.11 34.3±6.87 5.92±0.19 
Fertilizer*WV2*2018 1.60±0.09 33.8±3.87 5.91±0.25 
Fertilizer*WV11*2017 1.50±0.15 33.4±2.74 5.86±0.22 
Fertilizer*WV11*2018 1.45±0.15 39.5±5.10 5.86±0.34 
Fertilizer*WV16*2017 1.64±0.14 25.3±8.25 6.13±0.10 
Fertilizer*WV16*2018 1.44±0.15 33.2±4.23 6.14±0.17 
Grand Mean 1.51±0.14 32.7±6.34 5.98±0.25 
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 -----------------------Pr > F------------------------ 
Block 0.0365 0.6189 0.8159 
Treatment 0.3799 0.2988 0.9360 
Site 0.2194 <0.0001 <0.0001 
Year 0.0744 <0.0001 0.2460 
Treatment*Site 0.8558 0.6426 0.6726 
Treatment*Year 0.5010 0.7727 0.1923 
Treatment*Site*Year 0.0001 0.0763 0.6714 
Same letters in the same columns indicate no statistically significant differences (Least Squares 
Means) at p < 0.10. 
 
 
Dry aggregate (DA) stability of WV2 was not significantly different (31.6±5.9 mm) than 
WV11 in 2017, however was significantly lower (34.3±3.3 mm) than WV11 and significantly 
higher than WV16 in 2018. These results are similar to those discussed in Experiment II. 
Table 20. Effect of year and site on dry aggregate (DA) and wet aggregate (WA) stability 
(MWD) (mm). 
 
Site DA WA DA WA 
MWD (mm) 
 2017  2018 
WV2 31.6±5.9 a 5.9±0.2 b 34.3±3.3 b 5.9±0.3 b 
WV11 34.6±4.2 a 5.8±0.3 b 38.4±4.5 a 6.0±0.3 b 
WV16 25.7±7.2 b 6.1±0.1 a 31.7±4.7 c 6.1±0.2 a 
Note: Different letters in the columns indicate significant differences between sites at p < 0.10. 
 
 
Table 19 presents the Analysis of Variance (ANOVA) for DA-MWD and WA-
MWD. There was a significant effect of year and site on DA-MWD and WA-MWD. The 
highest DA-MWD was reported for WV11 followed by WV2, and the lowest in WV16. 
Although the trend between sites was maintained in 2018, an increase between 2017 and 
2018 was observed. The effect of higher precipitation in 2018 and plant growth increased 
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the root effect (entanglement) on holding soil particles and creating larger aggregates. Dry 
aggregate - MWD exhibited a Treatment*Site*Year interaction, regardless of fertilization 
treatment WV11 and WV16 exhibited an increase in DA-MWD between 2017 and 2018, 
however WV2 increased DA-MWD in the non-fertilizer treatment and decreased in the 
fertilized treatment (Table 19). The youngest site had the lowest vegetation development, 
and fertilization treatment did not improve this condition (this will be discussed in the next 
sections). 
Wet Aggregate Stability 
The ANOVA analysis indicated there was only a site effect on WA-MWD (Table 19). The 
site effect can be related to the time since reclamation. Wet aggregate stability (WA-MWD) was 
significantly higher in the oldest site WV16 in 2017 (6.1±0.1 mm) and 2018 (6.1±0.2 mm), 
compared to the youngest site WV2 (5.9±0.2 mm; 5.9±0.3 mm) and WV11 (5.8±0.3 mm; 
6.0±0.3 mm (Table 20)). These results are similar to those reported and discussed in Experiment 
II. No statistically significant difference between the two younger sites or an effect of the 
fertilization treatment was observed. The higher wet aggregate stability in older sites could be 
related to an increase in pedogenic processes and higher biological activity. Higher aggregate 
stabilities have been observed with an increase of time under afforestation (An et al., 2013) or 
systems that have been transitioning into grasslands after disturbance (Pena-Yewtukhiw, et al., 
2018). Wet aggregate stability has been related to vegetation (Devine et al., 2014). With more 
stable vegetation in time and less human intervention, such as that generated in mine soils after 
reclamation, the size of water-stable aggregates increases. Higher organic matter measured in the 
oldest side has also been related to increase wet aggregate stability. These results support the 
data obtained in this experiment. 
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Chemical Properties  
pH 
Soil pH, also called “soil reaction”, is a soil property that explains nutrient availability and 
biological activity including plant populations (Fuji, 2014). The effect of time on soil pH was not 
significant (Table 21 and 22), and the only significant effects observed in the experiment were 
due to block, site and treatment (Table 22). Soil pH in WV11 (5.7±0.3) was significantly lower 
in 2017 as compared to WV2 (6.1±0.6) and WV16 (6.1±0.8). However, there were no significant 
differences in pH across the three sites in 2018, or between treatments in 2017 and 2018 (Table 
22). In general, the mine soils in the three sites could be considered suitable because the pH is 
higher than 5.5 and lower than 7.5 (USDA-NRCS). 
Huggett (1998) discusses in his paper the influence of time and vegetation on soil pH; he 
stated that pH decreased linearly for the first 2900 years, however, after this time, biological 
effects of plant communities have influenced the soil pH and its evolution. In natural unmanaged 
soils, as the soil is older in the chronosequence, the pH is expected to decrease with associated 
nutrient/fertility loss. However, in altered soils such as reclaimed mine soils, soil pH may be 
affected by the age and the vegetation characteristics used in the reclamation. In altered urban 
systems, younger reclaimed soils tend to have higher pH than older soils (Setälä et al., 2016). 
This trend is similar to that observed in this study between the younger site WV2 and older 
site WV11, but since site WV16 was managed for several years, the pH may have been increased 






Table 21. Effect of site and year on pH 
Site pH pH 
 2017 2018 
WV2 6.1±0.6a 5.9±0.4a 
WV11 5.7±0.3b 5.8±0.5a 
WV16 6.1±0.8a 6.0±0.9a 
Note: Different letters in the columns indicate significant differences between sites within 
method at p < 0.10. 
 
Table 22. Effect of fertilizer treatment, site and year on pH and soil organic matter (SOM in mg 
kg-1). 
 pH SOM 
  mg kg-1 
Treatment   
No Fertilizer 5.82±0.61b 47.9±10.4a 
Fertilizer 6.01±0.60a 48.2±11.3a 
Site   
WV2 5.97±0.52a 52.6±11.1a 
WV11 5.74±0.37b 40.8±7.2b 
WV16 6.03±0.83a 50.7±9.9a 
Year   
2017 5.96±0.60a 42.3±8.3b 
2018 5.87±0.62a 53.7±10.1a 
Site*Year   
2017*WV2 6.06±0.58 43.7±4.19 
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2017*WV11 5.73±0.26 36.0±4.33 
2017*WV16 6.10±0.78 47.3±10.4 
2018*WV2 5.89±0.44 61.5±8.32 
2018*WV11 5.75±0.45 45.5±6.29 
2018*WV16 5.96±0.88 54.1±8.43 
Treatment*Site   
No Fertilizer*WV2 5.88±0.36 53.2±12.8 
No Fertilizer*WV11 5.68±0.39 42.5±6.2 
No Fertilizer*WV16 5.91±0.91 48.0±8.7 
Fertilizer*WV2 6.07±0.63 52.0±9.5 
Fertilizer*WV11 5.81±0.34 39.1±7.8 
Fertilizer*WV16 6.15±0.74 53.5±10.6 
Grand Mean 5.92±0.61 48.0±10.8 
 
-----------------------Pr > F------------------------ 
Block 0.0007 0.0473 
Treatment 0.0953 0.8318 
Site 0.0845 <0.0001 
Year 0.3850 <0.0001 
Site*Year 0.9079 <0.0001 
Site*Treatment 0.9079 0.0220 
Same letters in the same columns indicate no statistically significant differences at p < 0.10. 
*Average ± Standard Deviation 
 
 
Regardless of time and site, treatment effect can be described as a decrease in pH when urea 
is applied (Table 22). No interactions between the factors were observed for pH (Table 22). The 
rate of N applied in this experiment was selected to not affect the soil chemical properties of the 
soil (not affecting soil health properties), but to obtain a response in plant growth if the “physical 
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and chemical” soil health characteristics were appropriate. The increase in pH could be related to 
the increase in organic matter in the soil. Pena-Yewtukhiw et al. (2018) observed a comparable 
increase in pH related to organic matter or plant growth in a transitioning system. 
Soil Organic Matter (SOM) 
Soil organic matter (SOM) could be considered a physical, a chemical and a 
biological property because it directly affects all soil functions.  Organic matter content was 
affected by site, year, and the interactions of site with year and site and treatment (Table 22). 
Based on the 2017 SOM, there was an overall increase of 27% in soil organic matter 
between 2017 and 2018. The increase in SOM was observed in 2018 compared to 2017. 
These results support the establishment and addition of vegetation with time. The interaction 
Site * Year is described in the next paragraph: Site WV11 showed lower SOM in 2017 
(36.0±4.33 mg kg-1) and 2018 (45.5±6.29 mg kg-1) compared to WV2 and WV16 (Table 
22). Site WV16 had significantly higher SOM (47.3±10.4 mg kg-1) in 2017, however WV2 
had significantly higher SOM (61.5±8.32 mg kg-1) in 2018 which may be contributed to the 
higher BD and possible root mass at the surface as described previously (Table 22). The 
Site*Year interaction shows that although all sites show an average increase in SOM, the 
magnitude of the increment between sites is different. Site WV2 exhibits the highest 
increment in SOM (41%) between years, followed by WV11 (26%) and the lowest was 
WV16 (14%). Within a year and for both years, the SOM contents were significantly 
different (Table 22). 
The Site * Treatment interaction indicates that there is difference in the response of the 
SOM change by sites due to fertilizer application. The younger sites WV2 and WV11 show that 
fertilizer application caused a slight decrease in SOM of 2.2% and 8% respectively. However, 
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the oldest site WV16 experienced an increase of 11.5% in SOM between the fertilizer application 
treatments (Table 22). The difference may be explained by the different weather conditions, 
specifically precipitation. Year 2018 was a record high precipitation year in WV (Table 1), and 
mineralization conditions may have been ideal. 
Bioavailable Nutrients 
The following soil bioavailable nutrients (Mehlich III) were measured in the 0-15 
cm samples taken at each site before and after the experiment: Al, Ca, Fe, K, Mg, Na, P, 
and Zn. Bioavailable Ca was only affected by site, and they were significantly different 
from each other: WV11 (976±253 mg kg-1) < WV2 (1257±367 mg kg-1) < WV16 
(1582±1049 mg kg-1). The high bioavailable Ca reported in WV2 could be a remaining 
effect of the liming and seeding that occurred 2 years prior during the reclamation process, 
and WV16 had been managed for hay with the application lime. 
Bioavailable Al, Fe, and K content showed an interaction between site and year (Table 23). 
The ANOVA analysis indicated that Site WV2 had significantly lower Al (444 mg kg1) 
compared to WV11 and WV16 in 2017 (Table 23) and significantly lower (460 mg kg1) than 
WV16 in 2018 (Table 23). Bioavailable Iron (Fe), was significantly lower in WV11 compared to 
WV2 and WV16 in 2017 (Table 23). Site WV16 had significantly lower K (83.2 mg kg1) 
compared to WV2 and WV11 in 2018 which was not observed in 2017 (Table 23). 
Sodium (Bioavailable Na) was significantly different by site (WV2 (81.7±30.6 mg 
kg-1) > WV16 (73.4±9.22 mg kg-1) > WV11 (70.5±10.5 mg kg-1) Appendix C Table C2). We 
could only speculate that the higher concentration of Na is related to less leaching in the 
younger site. Year also affected the Na content in the soil: in 2017 bioavailable Na was 19% 
lower (68.5±16.0mg kg-1) than in 2018, (81.5±21.1 kg-1). 
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Table 23. Effect of site and year on bioavailable Al, Ca, Fe, K, Mg, Na, P, and Zn (mg kg-1). 
 
Year *Site Al Ca Fe K Mg Na P Zn 
 mg kg-1 
Year 2017         
WV2 444b 1233a 69.6b 85.8a 195a 72.2a 3.67a 1.38a 
WV11 497a 899b 58.5c 92.3a 121b 64.7a 3.88a 1.04b 
WV16 494a 1437a 83.7a 78.7a 123b 68.7a 4.24a 1.49a 
Year 2018         
WV2 460b 1280ab 80.0a 97.3b 196a 91.1a 4.84a 1.75a 
WV11 482b 1052b 64.8b 109a 132b 76.3b 4.67a 1.18b 
WV16 582a 1726a 93.1a 83.2c 130b 78.1b 4.45a 1.69a 
Note: Different letters in the columns indicate significant differences between sites. 
 
 
Treatment and site affected bioavailable Mg and Zn. Both elements presented an interaction 
between site and treatment (Table 24). Bioavailable Mg increased slightly in sites WV11 and 
WV16 when urea was applied, however in site WV2 there was a larger decrease when fertilizer 
was applied. 
Table 24. Effect of site and treatment on bioavailable Mg, and Zn (mg kg-1). 
 
 Mg Zn Mg Zn 
Site No Fertilizer Fertilizer 
 mg kg-1 mg kg-1 
WV2 206±19.1a 1.58±0.43a 184±33.0a 1.55±0.38a 
WV11 121±27.7b 1.17±0.28b 130±35.5b 1.05±0.21b 
WV16 125±20.4b 1.46±0.53a 126±11.5b 1.73±0.67a 
 
Note: Different letters in the columns indicate significant differences between sites. 
 
 
Bioavailable Zn decreased in the younger sites WV2 and WV11when fertilizer was applied, 
however the opposite occurred in the oldest site WV16 (Table 24). Bioavailable P was the only 
element not related to site, and it was affected only by year. In 2017 the amount of bioavailable P 




The existing vegetation at each site is the result of years of weather and soil and 
plant interactions at each site. The revegetation for each site started with the same mixture 
of species (personal communication Dr. Jeffrey Skousen). Assuming the same baseline at 
time zero of the reclamation for all the sites, the surveys will give a picture of changes that 
occurred as an effect of time since reclamation. The existing vegetation was subjected to 
urea fertilization, and changes in biomass and composition were measured. 
Before starting the fertilization experiment in spring of 2017, a baseline or initial 
vegetation survey was performed. The following year, another spring survey was 
performed. Both surveys were performed before fertilization was applied for that year, 
however 2018 may have a residual fertilizer effect from 2017. 
There was an interaction between treatment and year on legume and grass percentage for 
the spring survey. This interaction resulted in significantly lower legumes (22%) with fertilizer 
treatment in 2018 compared to no fertilizer (34%) (Table 25). Legumes are known to fix 
nitrogen, and therefore with the application of urea fertilizer in 2018, other plant families such as 
forbs and grasses were able to compete and result in higher percentage across the sites. Grasses 
were highest (33%) with fertilizer treatment in 2018 compared to 2017 (Table 25). An 
interaction was observed between treatment and site on legumes, forbs, and grasses (Table 25). 
No fertilizer on WV11 had the highest amount of legumes (38±19%), and fertilizer on WV16 
had the lowest amount of legumes (27±14%). Fertilizer on WV2 had the highest amount of forbs 
(47±14%), and no fertilizer on WV11 had the lowest amount of forbs (15±11%). Fertilizer on 
WV11 had the highest amount of grasses (43±22%), and no fertilizer on WV2 had the lowest 
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amount of grasses (14±6%). 
 
Table 25. Descriptive statistics and analysis of variance for initial or Spring plant diversity 
survey. 
 Legumes Forbs Grasses 
  %  
Treatment    
No Fertilizer 35±15a* 29±15
a 28±17a 
Fertilizer 31±16b 34±20a 28±20a 
Site    
WV2 32±16ab 43±13a 15±7c 
WV11 37±18a 16±13c 43±19a 
WV16 31±13b 36±14b 25±14b 















Treatment*Site    
No Fertilizer*WV2 34±14 38±11 14±6 
No Fertilizer*WV11 38±19 15±11 43±15 
No Fertilizer*WV16 34±11 34±13 25±14 
Fertilizer*WV2 29±17 47±14 15±8 
Fertilizer*WV11 36±18 16±15 43±22 
Fertilizer*WV16 27±14 38±15 25±15 
Treatment* Year    
2017-No Fertilized 37±17 25±15 27±18 
2018-No Fertilized 34±13 33±15 28±16 
2017-Fertilized 40±14 28±16 23±15 
2018-Fertilized 22±13 39±21 33±22 
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Grand Mean 33±16 31±18 28±18 
 -----------------------Pr > F------------------------ 
Block 0.0268 0.6464 0.4349 
Treatment 0.0853 0.0623 0.8694 
Site 0.1295 <0.0001 <0.0001 
Year <0.0001 0.0003 0.0447 
Treatment*Site <0.0001 0.0003 0.0447 
Treatment*Year 0.0086 0.4523 0.0890 
Same letters in the same columns indicate no statistically significant differences at p < 0.10. 
*Average ± Standard Deviation 
 
An interaction of year on forbs was observed (Table 25). Forbs were higher (36%) in 2018 
compared to 2017 (27%). The application of urea and increased precipitation recorded in 2018 
allowed forbs to compete with legumes and resulted in increased growth.  
An overall analysis of the second plant family diversity survey for 2017 and 2018 shows an 
interaction of treatment on legumes (Table 26). A significantly lower percentage of legumes 
(18±12%) was observed with fertilizer application compared to no fertilizer (28±17%). These 
results are similar to those in the initial vegetation survey. Site also had an effect on legumes, 
where WV11 had the most legumes (32±20%) and WV2 had the least (16±10%).  
An interaction between treatment and site was observed in the amount of forbs and grasses 
(Table 26). Fertilizer on WV2 had the greatest amount of forbs (68±9%), and fertilizer on WV11 
had the lowest amount of forbs (17±13%). Site WV2 with no fertilizer showed the least amount of 
grasses (10±7%), and WV11 with fertilizer showed the highest amount of grasses (57±14%).  
Site and year also affected the growth of forbs and grasses (Table 26). In 2017, WV2 had the 
highest amount of forbs (62±12%) and WV11 had the lowest amount (13±12%).  There was an 
opposite reaction for grasses, with WV11 presenting the most grass (47±20%) and WV2 
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presenting the least (11±5%).  These results are similar to those reported in Experiment II. 
Table 26. Descriptive statistics and analysis of variance for second, or Fall, plant diversity 
survey 
 Legumes Forbs Grasses 
  %  
Treatment    
No Fertilizer 28±17a* 38±21a 26±18b 
Fertilizer 18±12b 37±25a 41±21a 
Site    
WV2 16±10c 64±10a 14±7b 
WV11 32±20a 19±14c 44±19a 
WV16 23±9b 28±15b 44±16a 
Year    
2017 24±16a 35±24b 33±22a 
2018 23±14a 40±22a 35±20a 
Treatment*Site    
No Fertilizer*WV2 21±10 60±10 10±7 
No Fertilizer*WV11 41±22 22±15 30±15 
No Fertilizer*WV16 25±9 30±15 39±17 
Fertilizer*WV2 12±8 68±9 17±8 
Fertilizer*WV11 23±14 17±13 57±14 
Fertilizer*WV16 20±8 27±15 50±13 
Site*Year    
2017*WV2 16±9 62±12 11±5 
2017*WV11 33±23 13±12 47±20 
2017*WV16 22±9 29±14 41±15 
2018*WV2 16±11 65±8 16±9 
2018*WV11 30±18 26±14 42±19 
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2018*WV16 23±9 28±16 47±16 
Grand Mean 23±15 37±23 34±21 
 -----------------------Pr > F------------------------ 
Block 0.4432 0.2340 0.5027 
Treatment <0.0001 0.8649 <0.0001 
Site <0.0001 <0.0001 <0.0001 
Year 0.9216 0.0305 0.5247 
Treatment*Year 0.6335 0.1328 0.6177 
Treatment*Site 0.1226 0.0510 0.0021 
Site*Year 0.9239 0.0485 0.0421 
Same letters in the same columns indicate no statistically significant differences at p < 0.10. 
*Average± Standard Deviation 
 
Aboveground Biomass 
Aboveground biomass was harvested at each of the eighteen (18) sample points on all three 
sites for 2017 and 2018. An interaction of Site*Year was observed for the spring cut pre-
fertilization (Table 27, Figure 16). Site WV16 (6.17±1.19 Mg ha-1) showed the highest amount 
of aboveground biomass for 2017, followed by WV11(5.33±1.32 Mg ha-1) and WV2 (3.42±0.58 
Mg ha-1).  The results in 2017 for cut one were expected due to it being the first biomass 
harvest. Sites were assumed to have little to no disturbance since reclamation, affecting soil 
development and vegetation establishment on the oldest and youngest sites. However, in 2018, 
WV11 showed the highest vegetation regrowth, followed by WV16, and WV2. These results 
may be due to the type of vegetation present on each site and growth rate of species. 
The fall cut (post-fertilization) was impacted by the interaction of Site*Treatment*Year 
(Table 27).   In 2017, WV11 exhibited the highest biomass for cut two without fertilizer, 
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however WV2 showed the highest biomass with fertilizer treatment (Figure 17).  In 2018, the 
second biomass harvest showed significantly higher biomass in the oldest site for both fertilizer 
and no fertilizer treatments, followed by the two youngest sites (Figure 18). These results show 
that after two years of fertilizer application, the oldest site produced the most biomass compared 
to the two younger sites, which was expected due to soil development and productivity over 
time. Regardless of treatment, the oldest site shows continuous increase in aboveground biomass 
with each cut after the initial 2017 baseline (Figure 16).  
Table 27. Descriptive statistics and analysis of variance for biomass 
 
 Cut 1 Cut 2 
 Mg ha-1  
Treatment   
No Fertilizer 4.10±1.63a 2.40±0.99b 
Fertilizer 4.00±1.59a 2.64±1.09a 
Site   
WV2 2.92±0.72b* 2.42±0.81b 
WV11 4.66±1.35a 2.28±0.70b 
WV16 4.56±1.89a 2.84±1.40a 
Year   
2017 4.97±1.57a 2.05±0.73b 
2018 3.13±0.99b 3.01±1.10a 
Treatment*Site   
No Fertilizer*WV2 3.04±0.82 2.09±0.73 
No Fertilizer*WV11 4.75±1.53 2.44±0.77 
No Fertilizer*WV16 4.53±1.87 2.68±1.29 
Fertilizer*WV2 2.81±0.60 2.76±0.76 
Fertilizer*WV11 4.58±1.18 2.15±0.62 
Fertilizer*WV16 4.60±1.97 3.00±1.53 
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Grand Mean 4.05±1.60 2.52±1.04 
 -----------------------Pr > F------------------------ 
Block 0.7919 0.4363 
Treatment 0.5647 0.0971 
Site <0.0001 0.0057 
Year <0.0001 <0.0001 
Treatment*Site 0.7837 0.0437 
Site*Year <0.0001 <0.0001 
Site*Treatment*Year 0.6764 0.0503 
Same letters in the same columns indicate no statistically significant differences at P < 0.10. 











Figure 17. Interaction of Site*Treatment*Year on biomass for 2017. 
 
 




CHAPTER 5. CONCLUSIONS  
The findings of this research increase the knowledge and understanding of soil health in 
reclaimed mine soils and methods that are suitable to be used in these disturbed soils.  Even with 
the decline of coal mining, many areas that have been mined and reclaimed are now being sold to 
local landowners and farmers with the intent of production.  With the potential use of reclaimed 
lands by landowners, it is important to understand the pedologic processes and resulting soil 
health indicators with time since reclamation to estimate potential production. Few studies have 
conducted methodology assessments and production response on reclaimed mine soils of various 
ages.  
The results obtained with the NRCS Soil Quality Test Kit assessment methods, showed 
similar trends to the standard methods for physical, chemical and biological indicators, however 
were less sensitive to differences between sites and tended to underestimate measurements. It 
was observed that the NRCS Soil Quality Test Kit resulted in similar trends but significantly 
lower BD values compared to the standard method for WV2, WV11, WV16 and WV32 with BD 
of 1.37±0.11 Mg m-3 and 1.53±0.15 Mg m-3; 1.34±0.06 Mg m-3 and 1.48±0.12 Mg m-3; 
1.35±0.15 Mg m-3 and 1.45±0.11 Mg m-3; 1.12±0.17 Mg m-3 and 1.37±0.32 Mg m-3, 
respectively. These results were also observed for EC, and were likely consequence of the 
sampling depth at which measurements were taken for each method.  Saturated hydraulic 
conductivity, pH, and respiration showed similar results for both methods. This study 
successfully compared the NRCS Soil Quality Test Kit methods with standard methods, and 
supports the objectives of Experiment I. The results indicate that some NRCS Soil Quality Test 
Kit methods are representative of standard methods, however not all test kit methods were as 
sensitive to determine differences between sites.  
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Regarding time since reclamation effect on soil health indicators, the older site showed 
improved soil health indicators compared to the younger site. It was observed that corrected BD 
was significantly lower in WV16 (1.46±0.12 Mg m-3) compared to WV2 (1.51±0.15 Mg m-3). 
Similar trends were measured in WA and SOM, with WV16 having significantly higher water-
stable aggregates than WV11 and WV2, and significantly more SOM than WV11. These results 
are explained by the increased soil development and pedologic processes that occurred with time 
since reclamation, and support the hypothesis of Experiment II that soil health indicators will 
improve with time since reclamation.   However, not all the indicators behaved the same, pH and 
SOM were observed to be significantly lower in WV11 compared to WV2 and WV16. The pH 
may be explained by differences in dominant and mixed parent material of sandstone and shale, 
and the application of lime on WV2 during reclamation and WV16 during management. The 
lower pH in WV11 may directly affect biological activity resulting in lower SOM. Vegetation is 
a soil health indicator that was studied in Experiment II, and represents the interaction weather, 
soil, and management. At the beginning of this study in spring 2017, the vegetation surveys that 
were conducted, indicated that WV2 exhibited a significantly higher percentage of forbs (36.7%) 
and lower grasses (16.7%) compared to WV11 and WV16. These results may be explained by 
higher BD observed in WV2, which may have limited the growth of legumes and grasses, as well 
as the concept of pioneer species (including weedy plants) colonizing disturbed areas. By 2018, 
grasses had significantly increased on WV2 and legumes had decreased. This may be explained 
by time increasing and allowing the growth and establishment of grasses on the youngest site, 
and the fact that 2018 had record breaking rainfall which seemed to affect the growth of legumes 
and grasses. The oldest site showed more equal parts of legumes, forbs, and grasses compared to 
WV2 showing more forbs, and WV11 showing more grasses. This observation may be due to 
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increased soil development and established soil health able to support diverse plant populations. 
These results support the hypothesis that plant diversity would increase with time since 
reclamation.  
When management represented by N fertilizer rate, was imposed to the different age 
mine sites, the different treatment did not significantly affect physical or chemical soil health 
indicators. However, indicators such as BD, DA, and SOM improved over the course of this 
study between 2017 and 2018. The older sites, WV11 and WV16, also showed improved 
indicators with time since reclamation. Growth of legumes was affected by fertilizer treatment 
for both spring and fall surveys, with higher legumes observed without treatment compared to 
with fertilizer treatment. These results were expected due to applied urea allowing non-nitrogen 
fixers to compete with the legumes. Legumes, forbs, and grasses were impacted by treatment and 
site for the spring survey with no fertilizer on WV11 having more legumes, fertilizer on WV2 
having more forbs, and fertilizer on WV11 having more grasses.  
Initial aboveground biomass showed an interaction between site with WV16 (6.17±1.19 
Mg ha-1) having the most biomass, followed by WV11 (5.33±1.32 Mg ha-1) and WV2 (3.42±0.58 
Mg ha-1). A significant steady increase of biomass was observed in the oldest site as a response 
to the fertilizer application, compared to WV2 and WV11. These results support hypothesis of 
Experiment III that with time since reclamation, soil development will improve, and as a result 
higher vegetative growth will be observed.  However, although some evidence was observed as 
described in the previous paragraph, Experiment III was not able to conclude that time since 
reclamation affected the potential for agricultural land use and management. 
The results of this research show the effectiveness of the NRCS Soil Quality Test Kit to 
standard methods in reclaimed mine soils. The NRCS Soil Quality Test Kit may be used 
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qualitatively in these disturbed soils, and improvements or modifications could be made to 
improve quantitative outcomes of the test kit methods.  
Overall results show improvement in soil health indicators and higher response to 
management with time since reclamation, which supports soil development over time. These 
results are specific to the WV reclaimed mine sites used in this study, however the methods 
discussed may be used in other disturbed soils. This research is may be applied when 
determining soil health measurement methods, management practices in reclaimed mine soils, 
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Test Kit BD (g cm-3) 1.29 0.16 1.25 0.91 1.61 
Standard BD (g cm-3) 1.46 0.20 . 0.93 2.16 
Test Kit Ks (cm min-) 0.11 0.09 0.05 0.00 0.29 
Standard Ks (cm min-) 0.11 0.11 0.01 -0.09 0.40 
Test Kit pH 6.44 0.73 6.10 5.10 7.60 
Standard pH 6.35 0.72 6.20 5.10 7.50 
Test Kit EC (dS m-) 0.11 0.05 0.07 0.04 0.24 
Standard EC (dS m-) 0.23 0.15 0.23 0.06 0.65 
Test Kit Respiration 
(lb CO2 ac day) 40.40 16.97 20.40 20.38 90.19 
Standard Respiration (mg kg-
) 
174.74 131.59 165.00 12.00 400.00 




Table A2. Bulk density (BD in g cm-3) descriptive statistics using the NRCS Soil Quality Test Kit method and standard method for all four 
sites. 
 
Site  Mean  Standard  
Deviation  
Minimum  Maximum    Mean  Standard  
Deviation  
Minimum  Maximum  
   Soil Test Kit BD      Standard BD  
WV2 1.37 0.11 1.25 1.57  1.53 0.15 1.33 1.82 
WV11 1.34 0.06 1.25 1.43  1.48 0.12 1.23 1.67 
WV16 1.35 0.15 1.25 1.61  1.45 0.11 1.26 1.68 




Table A3. Saturated hydraulic conductivity (Ks in cm min-) descriptive statistics using the NRCS Soil Quality Test Kit method and standard 











Table A4. pH descriptive statistics using the NRCS Soil Quality Test Kit method and standard method for all four sites. 
Site  Mean  Standard  
Deviation  
Minimum  Maximum    Mean  Standard  
Deviation  
Minimum  Maximum  
   Soil Test Kit pH      Standard pH   
WV2 6.03 0.42 5.20 6.50  6.05 0.51 5.20 7.00 
WV11 5.81 0.42 5.10 6.50  5.82 0.46 5.10 6.60 
WV16 6.53 0.56 5.80 7.10  6.26 0.58 5.40 7.00 
WV32        7.34 0.26 6.90 7.60        7.27 0.25 6.70 7.50 
 
Table A5. Electrical conductivity (EC in dS m-) descriptive statistics using the NRCS Soil Quality Test Kit method and standard method for 
all four sites. 
 
Site  Mean  Standard  
Deviation  
Minimum  Maximum    Mean  Standard  
Deviation  
Minimum  Maximum  
   Soil Test Kit Ks      Standard Ks   
WV2 0.077 0.062 0.007 0.142  0.073 0.111 0.009 0.347 
WV11 0.073 0.064 0.001 0.191  0.075 0.087 -0.092 0.182 
WV16 0.144 0.096 0.021 0.290  0.175 0.114 0.012 0.395 
WV32  0.175  0.104  0.069  0.288    0.099  0.105  -0.037  0.316  
Site  Mean  Standard  
Deviation  
Minimum  Maximum    Mean  Standard  
Deviation  
Minimum  Maximum  
   Soil Test Kit EC      Standard EC  
WV2 0.089 0.037 0.040 0.130  0.201 0.083 0.110 0.376 
WV11 0.081 0.025 0.060 0.140  0.097 0.024 0.060 0.125 
WV16 0.128 0.042 0.050 0.180  0.169 0.066 0.100 0.311 
WV32  0.154  0.050  0.110  0.240    0.438  0.125  0.324  0.646  
115  
Table A6. Respiration descriptive statistics using the NRCS Soil Quality Test Kit method and standard method for all four sites. 
 
Site  Mean  Standard  
Deviation  
Minimum  Maximum    Mean  Standard  
Deviation  
Minimum  Maximum  
   Soil Test Kit Respiration (lb CO2/ac/day)     Standard Respiration (mg/kg)  
WV2 41.93 12.28 26.76 58.58  214.50 134.75 50.00 400.00 
WV11 25.94 6.06 20.38 38.67  77.20 49.55 12.00 165.00 
WV16 48.39 18.50 27.12 89.77  167.25 130.37 50.00 400.00 






Figure A5. Overall (all sites) comparison of respiration obtained with the Standard and NRCS methods. In the overall site comparison 
respiration methods, a 1:1 linear regression was used to determine whether there was a deviation of slope between the test kit and standard 







Table B1. Experiment II physical property descriptive statistics among all sites 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Uncorrected BD (g cm-3) 1.550 0.144 0.012 1.610 1.160 1.96 
Corrected BD (g cm-3) 1.481 0.145 0.012 1.450 1.120 1.9 
Percent Rock 9.541 3.855 0.315 9.800 3.000 26.9 
Percent Fines 90.459 3.855 0.315 89.300 73.100 97 
Clay (mg kg-1) 264.490 31.695 2.588 240.400 119.700 341.7 
Sand (mg kg-1) 246.223 64.680 5.281 195.700 131.700 586.8 
Silt (mg kg-1) 489.289 42.974 3.509 481.800 293.500 619.7 
Dry Aggregate MWD 33.368 6.179 0.505 28.564 16.909 45.945 
Dry Aggregate GMD 19.016 5.042 0.412 14.759 7.655 31.889 
Dry Aggregate logGSD 1.321 0.084 0.007 1.269 1.051 1.703 
Wet Aggregate MWD 5.900 0.319 0.026 5.707 4.854 6.302 
Wet Aggregate GMD 5.555 0.473 0.039 5.943 4.098 6.186 












Table B2. Experiment II chemical property descriptive statistics among all sites 
 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
OM (mg kg-1) 50.017 10.477 0.855 38.600 29.900 82 
pH 6.014 0.605 0.049 5.600 5.010 7.63 
Al (mg kg-1) 510.242 125.277 10.229 512.100 128.400 1095 
Ca (mg kg-1) 1436.780 784.613 64.063 1108.000 407.700 5567 
Fe (mg kg-1) 76.850 27.801 2.270 57.420 36.820 182.9 
K (mg kg-1) 102.147 26.977 2.203 69.300 45.310 191.42 
Mg (mg kg-1) 151.924 48.252 3.940 108.900 64.750 282.04 
Na (mg kg-1) 73.763 18.214 1.487 71.470 37.670 170.9 
P (mg kg-1) 6.170 4.457 0.364 3.600 1.770 39.84 









Table B3. Experiment II vegetation survey descriptive statistics among all sites 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Surface Cover 2017 0.999 0.005 0.000 1.000 0.960 1 
Dead Material_2017 0.107 0.071 0.006 0.040 0.000 0.51 
Moss 2017 0.008 0.004 0.000 0.010 0.000 0.01 
Canopy Cover 2017 0.904 0.102 0.008 1.000 0.250 1 
Legumes 2017 0.359 0.164 0.013 0.260 0.000 0.82 
Forbs 2017 0.220 0.160 0.013 0.000 0.000 0.56 
Grass 2017 0.325 0.210 0.017 0.260 0.010 0.95 
Moss Only 2017 0.016 0.060 0.005 0.000 -0.060 0.44 
Bare Soil 2017 0.001 0.005 0.000 0.000 0.000 0.04 
Surface Cover 2018 0.993 0.082 0.007 1.000 0.000 1 
Dead Material 2018 0.068 0.121 0.010 0.000 0.000 0.84 
Moss 2018 0.008 0.004 0.000 0.010 0.000 0.01 
Canopy Cover 2018 0.893 0.168 0.014 1.000 0.000 1 
Legumes 2018 0.222 0.175 0.014 0.170 0.000 0.81 
Forbs 2018 0.227 0.197 0.016 0.000 0.000 0.82 
Grass_2018 0.472 0.209 0.017 0.490 0.000 0.94 
Moss Only 2018 0.006 0.019 0.002 0.000 0.000 0.1 




Table B4. Experiment II physical properties descriptive statistics site WV2 
 
Indicators Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Uncorrected BD (g cm-3) 1.582 0.133 0.019 1.610 1.290 1.880 
Corrected BD (g cm-3) 1.511 0.146 0.021 1.380 1.170 1.820 
Percent Rock 10.274 4.220 0.597 5.900 3.300 26.900 
Percent Fines 89.726 4.220 0.597 88.200 73.100 96.700 
Clay (mg kg-1) 280.604 25.930 3.667 291.000 216.900 341.700 
Sand (mg kg-1) 197.610 29.195 4.129 . 131.700 279.200 
Silt (mg kg-1) 521.786 29.704 4.201 517.900 470.100 619.700 
Dry Aggregate MWD 36.056 5.239 0.741 . 23.511 44.579 
Dry Aggregate GMD 20.710 4.795 0.678 . 11.154 29.347 
Dry Aggregate logGSD 1.357 0.096 0.014 1.269 1.227 1.703 
Wet Aggregate MWD 5.746 0.277 0.039 . 5.164 6.219 
Wet Aggregate GMD 5.319 0.418 0.059 5.297 4.545 6.048 















Table B5. Experiment II chemical properties descriptive statistics site WV2 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
OM (mg kg-1) 52.776 10.502 1.485 38.100 35.200 80.700 
pH 6.050 0.552 0.078 5.600 5.090 7.240 
Al (mg kg-1) 490.090 112.837 15.958 512.100 128.400 675.200 
Ca (mg kg-1) 1575.190 852.883 120.616 . 694.400 4728.940 
Fe (mg kg-1) 87.612 22.663 3.205 . 57.420 175.800 
K (mg kg-1) 104.068 23.945 3.386 . 58.390 147.300 
Mg (mg kg-1) 201.482 42.898 6.067 . 124.600 282.040 
Na (mg kg-1) 71.263 11.606 1.641 . 46.750 112.420 
P (mg kg-1) 8.888 6.383 0.903 5.500 2.350 39.840 






Table B6. Experiment II % vegetation descriptive statistics WV2 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Surface Cover 2017 99.74 0.80 0.11 100.00 96.00 100.00 
Dead Material_2017 10.18 5.64 0.80 4.00 2.00 29.00 
Moss 2017 1.00 0.00 0.00 1.00 1.00 1.00 
Canopy Cover 2017 89.54 5.62 0.79 87.00 71.00 98.00 
Legumes_2017 36.26 13.39 1.89 47.00 0.00 67.00 
Forbs 2017 36.66 8.65 1.22 42.00 17.00 56.00 
Grass_2017 16.70 10.08 1.43 14.00 1.00 41.00 
Moss Only 2017 0.08 0.44 0.06 0.00 0.00 3.00 
Bare Soil 2017 0.26 0.80 0.11 0.00 0.00 4.00 
Surface Cover 2018 99.96 0.28 0.04 100.00 98.00 100.00 
Dead Material 2018 5.62 7.28 1.03 0.00 0.00 35.00 
Moss 2018 1.00 0.00 0.00 1.00 1.00 1.00 
Canopy Cover 2018 90.48 8.56 1.21 100.00 65.00 100.00 
Legumes_2018 13.58 7.59 1.07 15.00 2.00 34.00 
Forbs 2018 35.48 16.55 2.34 24.00 12.00 74.00 
Grass_2018 45.12 19.72 2.79 21.00 6.00 85.00 
Moss Only 2018 0.02 0.14 0.02 0.00 0.00 1.00 








Table B7. Experiment II physical properties descriptive statistics site WV11 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Uncorrected BD (g cm-3) 1.526 0.163 0.023 1.510 1.160 1.960 
Corrected BD (g cm-3) 1.472 0.166 0.024 1.470 1.120 1.900 
Percent Rock 8.084 2.804 0.396 6.700 3.700 17.100 
Percent Fines 91.916 2.804 0.396 93.300 82.900 96.300 
Clay (mg kg-1) 263.176 14.989 2.120 . 237.700 320.200 
Sand (mg kg-1) 256.944 25.140 3.555 255.000 153.500 294.900 
Silt (mg kg-1) 479.884 14.061 1.989 . 454.300 526.300 
Dry Aggregate MWD 32.929 7.053 0.997 . 16.909 45.945 
Dry Aggregate GMD 19.221 5.632 0.797 . 10.097 31.889 
Dry Aggregate logGSD 1.282 0.068 0.010 1.241 1.051 1.445 
Wet Aggregate MWD 5.843 0.374 0.053 6.102 4.854 6.270 
Wet Aggregate GMD 5.469 0.537 0.076 5.950 4.098 6.120 











Table B8. Experiment II chemical properties descriptive statistics WV11 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
OM (mg kg-1) 42.190 6.138 0.868 38.600 29.900 57.500 
pH 5.838 0.413 0.058 5.750 5.080 6.910 
Al (mg kg-1) 499.620 59.555 8.422 526.600 383.400 631.200 
Ca (mg kg-1) 982.480 244.480 34.575 . 407.700 1544.150 
Fe (mg kg-1) 59.492 7.238 1.024 . 43.410 78.030 
K (mg kg-1) 104.598 20.521 2.902 . 69.300 152.700 
Mg (mg kg-1) 119.625 24.933 3.526 111.800 70.380 226.630 
Na (mg kg-1) 70.623 17.683 2.501 . 37.670 170.900 
P (mg kg-1) 4.307 1.673 0.237 4.230 1.950 12.440 










Table B9. Experiment II % vegetation descriptive statistics WV11 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Surface Cover 2017 100.00 0.00 0.00 100.00 100.00 100.00 
Dead Material 2017 10.82 8.88 1.26 4.00 0.00 51.00 
Moss 2017 0.58 0.50 0.07 1.00 0.00 1.00 
Canopy Cover 2017 95.34 10.59 1.50 100.00 42.00 100.00 
Legumes_2017 34.28 18.96 2.68 29.00 5.00 82.00 
Forbs 2017 10.82 12.46 1.76 0.00 0.00 49.00 
Grass 2017 50.14 20.75 2.93 46.00 9.00 95.00 
Moss Only 2017 2.16 7.82 1.11 0.00 0.00 44.00 
Bare Soil 2017 0.00 0.00 0.00 0.00 0.00 0.00 
Surface Cover 2018 100.00 0.00 0.00 100.00 100.00 100.00 
Dead Material 2018 7.14 11.07 1.57 0.00 0.00 66.00 
Moss 2018 0.72 0.45 0.06 1.00 0.00 1.00 
Canopy Cover 2018 92.86 11.07 1.57 100.00 34.00 100.00 
Legumes_2018 29.06 22.08 3.12 7.00 2.00 79.00 
Forbs 2018 14.54 17.90 2.53 0.00 0.00 82.00 
Grass 2018 49.88 22.13 3.13 51.00 11.00 94.00 
Moss Only 2018 0.02 0.14 0.02 0.00 0.00 1.00 
Bare Soil 2018 0.00 0.00 0.00 0.00 0.00 0.00 
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Table B10. Experiment II physical properties descriptive statistics site WV16 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Uncorrected BD (g cm-3) 1.543 0.130 0.018 1.500 1.280 1.900 
Corrected BD (g cm-3) 1.461 0.118 0.017 1.450 1.210 1.790 
Percent Rock 10.264 4.034 0.571 6.300 3.000 25.100 
Percent Fines 89.736 4.034 0.571 88.600 74.900 97.000 
Clay (mg kg-1) 249.690 40.835 5.775 . 119.700 325.700 
Sand (mg kg-1) 284.116 85.106 12.036 . 195.700 586.800 
Silt (mg kg-1) 466.196 53.138 7.515 . 293.500 541.500 
Dry Aggregate MWD 31.119 5.115 0.723 . 17.663 41.973 
Dry Aggregate GMD 17.117 3.994 0.565 18.013 7.655 27.517 
Dry Aggregate logGSD 1.324 0.070 0.010 1.323 1.196 1.531 
Wet Aggregate MWD 6.113 0.140 0.020 6.139 5.402 6.302 
Wet Aggregate GMD 5.877 0.216 0.031 5.943 4.887 6.186 
















Table B11. Experiment II chemical properties descriptive statistics WV16 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
OM (mg kg-1) 55.086 9.450 1.337 50.100 36.500 82.000 
pH 6.153 0.765 0.108 5.460 5.010 7.630 
Al (mg kg-1) 541.015 173.057 24.474 . 274.500 1095.000 
Ca (mg kg-1) 1752.680 867.654 122.705 . 569.700 5567.000 
Fe (mg kg-1) 83.447 36.252 5.127 . 36.820 182.900 
K (mg kg-1) 97.775 34.483 4.877 . 45.310 191.420 
Mg (mg kg-1) 134.663 27.264 3.856 119.300 64.750 205.160 
Na (mg kg-1) 79.402 22.639 3.202 . 48.990 169.370 
P (mg kg-1) 5.313 2.244 0.317 3.770 1.770 10.900 





Table B12. Experiment II % vegetation descriptive statistics WV16 
 
Indicator Mean Standard Deviation 
Standard 
Error Mode Minimum Maximum 
Surface Cover 2017 99.98 0.14 0.02 100.00 99.00 100.00 
Dead Material 2017 11.20 6.40 0.90 6.00 0.00 24.00 
Moss 2017 0.68 0.47 0.07 1.00 0.00 1.00 
Canopy Cover 2017 86.38 11.39 1.61 94.00 25.00 100.00 
Legumes 2017 37.20 16.58 2.34 28.00 5.00 81.00 
Forbs 2017 18.62 13.92 1.97 0.00 0.00 54.00 
Grass 2017 30.62 15.31 2.17 26.00 3.00 71.00 
Moss Only 2017 2.68 6.61 0.93 0.00 0.00 32.00 
Bare Soil 2017 0.02 0.14 0.02 0.00 0.00 1.00 
Surface Cover 2018 98.00 14.14 2.00 100.00 0.00 100.00 
Dead Material 2018 7.64 16.30 2.31 0.00 0.00 84.00 
Moss 2018 0.70 0.46 0.07 1.00 0.00 1.00 
Canopy Cover 2018 84.42 24.87 3.52 100.00 0.00 100.00 
Legumes 2018 24.08 15.93 2.25 13.00 0.00 81.00 
Forbs 2018 18.02 18.03 2.55 0.00 0.00 70.00 
Grass 2018 46.68 21.01 2.97 64.00 0.00 85.00 
Moss Only 2018 1.64 3.11 0.44 0.00 0.00 10.00 










Table C1. Descriptive statistics and analysis of variance for particle size distribution  
 Sand Silt Clay 
 mg/kg 
Treatment    
No Fertilizer 234a 494a 273a 
Fertilizer 236a 499a 265a 
Block    
1 246a 509a 258b 
2 226b 499a 275a 
3 233ab 480b 274a 
Site    
WV2 182±27c* 533±60a 285±40a 
WV11 251±29b 490±15b 259±17b 
WV16 272±53a 465±35c 262±32b 
Year    
2017 233±54a 497±63a 270±35a 
2018 237±55a 496±32a 268±31a 
Grand Mean 235 496 269 
    
 -----------------------Pr > F------------------------ 
Treatment 0.7425 0.4937 0.1676 
Block 0.0569 0.0067 0.0162 
Site <0.0001 <0.0001 0.0002 
Year 0.6484 0.9001 0.6650 






Table C2. Descriptive statistics and analysis of variance for available nutrients 
 
 Al Ca Fe K Mg Na P Zn 
mg kg-1 
Treatment         
No Fertilizer 506a 1255a 74a 91a 151a 75a 4.08a 1.41a 
Fertilizer 481a 1287a 76a 91a 147a 75a 4.50a 1.44a 
Block         
1 488b 991c 74b 92a 132c 74a 3.74b 1.29b 
2 454b 1241b 66c 94a 150b 73a 4.08b 1.29b 
3 538a 1582a 86a 87a 166a 78a 5.06a 1.70a 
Site         
WV2 452±56c* 1257±367b 75±16b 92±27a 195±29a 82±31a 4.26±1.15a 1.57±0.40a 
WV11 490±54b 976±253c 62±8c 101±24a 126±32b 71±10b 4.27±2.18a 1.11±0.25b 
WV16 538±159a 1582±1049a 88±32a 81±21b 126±16a 73±9b 4.35±1.47a 1.59±0.61a 
Year         
2017 478±72a 1190±448a 71±18b 86±28b 146±40a 69±16b 3.93±1.72b 1.30±0.50b 
2018 508±132a 1353±877a 79±27a 96±21a 152±44a 82±21a 4.65±1.49a 1.54±0.47a 




-----------------------Pr > F------------------------ 
130  
Treatment 0.1712 0.7939 0.5888 0.9294 0.4179 0.8628 0.1563 0.6318 
Block 0.0012 0.0006 0.0002 0.4473 <0.0001 0.5412 0.0013 <0.0001 
Site 0.0009 0.0004 <0.0001 0.0037 <0.0001 0.0312 0.9646 <0.0001 
Year 0.1048 0.1786 0.0233 0.0217 0.1224 0.0003 0.0164 0.0017 





Table C3. Descriptive statistics and analysis of variance for available nutrients 
 
 Al Ca Fe K Mg Na P Zn 
     mg/kg    
Treatment         
No Fertilizer 506a 1255a 74a 91a 151a 75a 4.08a 1.41a 
Fertilizer 481a 1287a 76a 91a 147a 75a 4.50a 1.44a 
Site         
WV2 452±56c* 1257±367b 75±16b 92±27a 195±29a 82±31a 4.26±1.15a 1.57±0.40a 
WV11 490±54b 976±253c 62±8c 101±24a 126±32b 71±10b 4.27±2.18a 1.11±0.25b 
WV16 538±159a 1582±1049a 88±32a 81±21b 126±16a 73±9b 4.35±1.47a 1.59±0.61a 
 
 
Treatment*Site         
No Fertilizer*WV2 459±57 1204±165 72±10 88±26 206±19 77±22 4.23±1.31 1.59±0.43 
No Fertilizer*WV11 487±42 906±242 62±7 103±25 121±28 72±9 3.85±0.97 1.17±0.28 
131  
No Fertilizer*WV16 571±181 1656±1435 89±36 81±20 125±20 76±7 4.17±1.74 1.46±0.53 
Fertilizer*WV2 445±55 1309±495 78±20 95±28 185±33 87±38 4.28±1.01 1.55±0.38 
Fertilizer*WV11 492±65 1045±250 62±9 98±24 131±36 69±12 4.70±2.90 1.05±0.21 
Fertilizer*WV16 505±131 1508±442 88±29 81±22 127±11 71±10 4.53±1.16 1.73±0.67 
Grand Mean 493 1271 75 91 149 75 4.29 1.42 
 
-----------------------Pr > F------------------------ 
Treatment 0.1712 0.7939 0.5888 0.9294 0.4179 0.8628 0.1563 0.6318 
Site 0.0009 0.0004 <0.0001 0.0037 <0.0001 0.0312 0.9646 <0.0001 
Treatment*Site 0.2596 0.5719 0.7134 0.5210 0.0086 0.1819 0.5438 0.0699 
Same letters in the same columns indicate no statistically significant differences at P < 0.10. *Average ± Standard Deviation 
 
